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FIG. 14
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PLASMA GENERATING APPARATUS AND
METHOD FOR OPERATING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 16/973,994, filed Dec. 10, 2020 which 1s a

continuation of and claims priority to PCT/KR2019/018549
filed on Dec. 27, 2019, which claims priorities to Korea
Patent Application No. KR 10-2018-0173639 filed on Dec.
31, 2018 and Korea Patent Application No. KR 10-2019-
0172614 filed on Dec. 23, 2019, the entireties of which are

both hereby incorporated by reference.

TECHNICAL FIELD

The present disclosure relates to a plasma generating
apparatus and, more particularly, to an inductively coupled
plasma apparatus performing discharging at atmospheric
pressure or higher pressure.

BACKGROUND

In general, inductively coupled plasma 1s generated using,
a driving frequency of several MHz at a pressure of hun-
dreds of muillitorr (mTorr). However, since an inductive
clectric field 1s weak, 1t may be diflicult to use imnductively
coupled plasma for discharging at atmospheric pressure or at
high pressure of several Torr or higher. Accordingly, 1t 1s
necessary to sulliciently increase the strength of an mnduced
clectric field and to provide an additional component for
initial discharge. Even when discharge at an atmospheric
pressure 1s maintained, the discharge may not be performed
for a long period of time due to thermal damage caused by
ions from plasma of a dielectric tube.

When inductively coupled plasma discharge 1s performed
by applying RF power to an induction coil surrounding a
dielectric tube, the dielectric tube 1s heated by inductively
coupled plasma to be damaged. Therefore, high-power
inductively coupled plasma has a structural limitation.

In Korean Patent Registration No. 10-1657303, the pres-

ent 1nventors proposed swirl flow to maintain stability of

plasma. However, an antenna having a plurality of turns has
an 1ncrease 1 an inducted electric field during discharge and
1s limited 1n atmospheric pressure discharge because an
antenna voltage accelerates 1ons to a tube wall to cause
thermal damage.

In Korean Patent Registration No. 10-1826883, the pres-
ent inventors proposed an inductively coupled plasma gen-
erator having a voltage distribution structure i which a
capacitor 1s mserted between antennas. According to Korean
patent registration No. 10-1826883, imitial discharge 1s
inducted when a driving frequency does not satisly a reso-
nance condition, but 1t 1s diflicult to stably i1gnite atmo-
spheric pressure discharge because intensity of an electric

field 1s low.

SUMMARY

Example embodiments provide a plasma generating appa-
ratus for generating stable inductively coupled plasma at a

near atmospheric pressure or at a pressure of hundreds of

Torr or higher.

An atmospheric-pressure plasma generating apparatus
according to an example embodiment may include a dielec-
tric discharge tube; an 1mitial discharge mduction coil mod-
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2

ule including an 1nitial discharge induction coil surrounding
the dielectric discharge tube, having a plurality of turns, and
generating atmospheric mnitial discharge and an 1mitial dis-
charge capacitor connected to the 1nitial discharge induction
coil 1n series to provide a first resonant frequency; a first
clectrode and a second electrode, respectively disposed
above and below the mitial discharge induction coil to
provide mitial discharge seeds; a DC power supply config-
ured to apply a DC high voltage between the first electrode
and the second electrode; a main discharge induction coil
module having a second resonant frequency and receiving
initial discharge, generated by the initial discharge induction
coil module, to generate main inductively coupled plasma;
and an RF power supply configured to supply RF power to
the initial discharge induction coil module and the main
discharge i1nduction coil connected 1n parallel. The main
discharge induction coil includes a plurality of unit antennas
disposed to be spaced apart from the initial discharge
induction coil and respectively disposed on a plurality of
placement planes perpendicular to a central axis of the
dielectric discharge tube; a first main capacitor and a second
main capacitor, respectively disposed on both ends of the
unit antennas; and auxiliary capacitors, respectively con-
nected to the unit antennas 1n series. The RF power induces
initial discharge to the inmitial discharge induction coil at the
first resonant frequency with the help of the DC high
voltage. The RF power changes the driving frequency from
the first resonant frequency to the second resonant frequency
to perform main discharge.

In an example embodiment, the atmospheric-pressure
plasma generating apparatus may further include a first
detection sensor configured to detect a voltage or current
flowing through the nitial discharge induction coil. The RF
power supply may detect a transition from a capacitively
coupled mode to an inductively coupled mode using an
output of the first detection sensor, and may change a driving
frequency from the first resonant frequency to the second
resonant frequency.

In an example embodiment, the first electrode may be
disposed above the 1mitial discharge induction coil and may
be charged with a positive DC high voltage. The second
clectrode may be disposed below the 1nitial discharge induc-
tion coil, may have a C shape to surround the dielectric
discharge tube, and may be charged with a negative DC high
voltage.

In an example embodiment, the DC power supply may
include an AC-DC converter configured to convert commer-
cial power into a DC voltage; a high-voltage pulse generator
receiving the DC voltage to generate a positive DC high-
voltage pulse and a negative DC high-voltage pulse; and a
controller configured to control the high-voltage pulse gen-
erator.

In an example embodiment, the high-voltage pulse gen-
crator may include a first transformer including a primary
coil configured to receive the DC voltage of the AC-DC
converter and a secondary coil configured to generate a
positive DC high-voltage pulse; a first power transistor
connected to the primary coil of the first transformer; a
second transformer including a primary coil configured to
receive the DC voltage of the AC-DC converter and a second
coill configured to generate a negative DC high-voltage
pulse; and a second power transistor connected to the
primary coil of the second transiformer. The controller may
control gates of the first power transistor and the second
power transistors. One end of the secondary coil of the first
transformer may output a positive DC high-voltage pulse,
and the other end of the secondary coil of the first trans-
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former may be grounded. One end of the secondary coil of
the second transformer may output a negative DC high-
voltage pulse, and the other end of the secondary coil of the
second transformer may be grounded.

In an example embodiment, the 1nitial discharge induction
coil may be 1n the form of a solenoid and may be wound 1n
a plurality of layers.

In an example embodiment, the 1nitial discharge induction
coill may have a triple structure including an internal sole-
noid coil, an intermediate solenoid coil, and an external
solenoid coil.

In an example embodiment, the mitial discharge capacitor
may be disposed on each of both ends of the mitial discharge
induction coil.

In an example embodiment, a coil constituting the unit
antenna may have a rectangular cross section.

In an example embodiment, the unit antenna may include:
the unit antenna may include: a first antenna disposed to be
in contact with the dielectric discharge tube on a placement
plane, perpendicular to a central axis, and configured to form
a loop; a second antenna disposed to surround the first
antenna and configured to form a loop; and a third antenna
disposed to surround the second antenna and configured to
form a loop.

In an example embodiment, the unit antennas may be
disposed on different placement planes, and the number of
the unit antennas may be ten.

In an example embodiment, the unit antennas may be
divided 1nto a first group, including five unit antennas, and
a second group including the other five unit antennas. The
unit antennas constituting the first group may be disposed at
intervals of 72 degrees 1n an azimuthal direction, and the
unit antennas constituting the second group may be disposed
at intervals of 72 degrees 1n the azimuthal direction.

In an example embodiment, the unit antenna may include
a plurality of turns disposed on the same placement plane
and may further include a -shaped 1nsulating spacer
insulating the plurality of turns.

In an example embodiment, the first resonant frequency
and the second resonant frequency may be spaced apart from
cach other by 0.2 MHz or more.

In an example embodiment, the first resonant frequency
may be higher than the second resonant frequency.

In an example embodiment, capacitance of the first main
capacitor may be the same as capacitance of the second main
capacitor and may be twice as high as capacitance of the
auxiliary capacitor.

In an example embodiment, a first voltage drop 1inducted
to the mitial discharge induction coil at the {first resonant
frequency may be greater than a second voltage drop
inducted to the unit antenna at the second resonant fre-
quency.

In an example embodiment, the sum of inductances of the
unit antennas may be greater than inductance of the initial
discharge induction coil.

A method for operating atmospheric-pressure plasma gen-
crating apparatus according to an example embodiment
includes: applying a DC high voltage to a first electrode and
a second electrode, disposed to be spaced apart from each
other, to provide mitial discharge seeds to a dielectric
discharge tube; performing initial discharge by supplying
AC power of a first resonant frequency to an 1nitial discharge
induction coil module including an 1nitial discharge induc-
tion coil surrounding the dielectric discharge tube, having a
plurality of turns, and generating atmospheric-pressure 1ni-
tial discharge and an 1nitial discharge capacitor connected to
the 1mitial discharge induction coil 1n series to provide the
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4

first resonant frequency; and inducing main inductively
coupled plasma from the mitial discharge by supplying AC
power of a second resonant frequency, different from the
first resonant frequency, to a main discharge induction coil
module connected to the mitial discharge induction coil
module 1n parallel.

In an example embodiment, the method may further
include: detecting current flowing through the imitial dis-
charge induction coil or a drop of a voltage applied to both
ends of the nitial discharge induction coil. When the current
flowing through the initial discharge induction coil or the
drop of the voltage applied to both ends of the nitial
discharge induction coil 1s greater than or equal to a thresh-
old value, an RF power supply may change a driving
frequency from the first resonant frequency to the second
resonant frequency to perform main discharge in the umnit
antennas.

In an example embodiment, the main discharge induction
coill module may include: a plurality of unit antennas dis-
posed to be spaced apart from the initial discharge induction
coil, respectively disposed on a plurality of placement
planes perpendicular to a central axis of the dielectric
discharge tube, and connected 1n series; a first main capaci-
tor and a second main capacitor, respectively disposed on
both ends of the unit antennas; and auxiliary capacitors
connected between the unit antennas 1n series. An RF power
supply may induce mitial discharge to the initial discharge
induction coil at the first resonant frequency with the help of
the DC high voltage. The RF power supply may change a
driving frequency from the first resonant frequency to the
second resonant frequency to perform main discharge in the
unit antennas.

A plasma generating apparatus according to an example
embodiment includes: a dielectric discharge tube; a seed
charge generator configured to generate seed charges 1n the
dielectric discharge tube; an mnitial discharge induction coil
module including an initial discharge induction coil sur-
rounding the dielectric discharge tube and recerving the seed
charges to generate initial discharge and a first impedance
matching network connected to the initial discharge induc-
tion coil to provide a first resonant frequency; a main
discharge induction coil module including a plurality of unit
antennas disposed to be spaced apart from the 1nitial dis-
charge induction coil, surrounding the dielectric discharge
tube, and receiving the initial discharge to generate main
inductively coupled plasma and a second impedance match-
ing network connected to the plurality of unit antennas to
provide a second resonant frequency; and an RF power
supply configured to supply power to the mnitial discharge
induction coil module and the main discharge induction coil
module.

In an example embodiment, the seed charge generator
may 1nclude: a first electrode and a second electrode dis-
posed on the dielectric discharge tube to provide seed
charges; and a DC power supply configured to apply a DC
high voltage between the first electrode and the second
clectrode.

In an example embodiment, the first electrode may be
disposed to be 1n contact with an external sidewall of the
dielectric discharge tube, and the second electrode may be
disposed on a central axis of the dielectric discharge tube
and 1s electrically grounded.

In an example embodiment, the second electrode may be
a nozzle for injecting a gas.

In an example embodiment, the DC power supply may
include: an AC-DC converter configured to convert com-
mercial AC power mto a DC voltage; a high-voltage pulse
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generator receiving the DC voltage to generate at least one
of a positive DC high-voltage pulse and a negative DC
high-voltage pulse; and a controller configured to control the
high-voltage pulse generator.

In an example embodiment, the high-voltage pulse gen-
cerator may include: a first high-voltage pulse generator
receiving the DC voltage to generate a first high-voltage
pulse; and a second high-voltage pulse generator receiving
the DC voltage to generate a second high-voltage pulse.

In an example embodiment, the controller configured to
control the high-voltage pulse generator may include: a first
controller configured to control the first high-voltage pulse
generator; and a second controller configured to control the
second high-voltage pulse generator. The first high-voltage
pulse may be applied to the first electrode, the second
high-voltage pulse may be applied to the second electrode,
and the first electrode and the second electrode may be
disposed on an external sidewall of the dielectric discharge
tube to be spaced apart from each other.

In an example embodiment, the high-voltage pulse gen-
erator may include: a first transformer including a primary
coil configured to receive the DC voltage of the AC-DC
converter and a secondary coil configured to generate a
positive DC high-voltage pulse; a first power transistor
connected between a ground and the primary coil of the first
transformer; a second transformer including a primary coil
configured to receive the DC voltage of the AC-DC con-
verter and a secondary coil configured to generate a negative
DC high-voltage pulse; and a second power transistor con-
nected to a ground and the primary coil of the second
transistor. The controller may control gates of the first power
transistor and the second power transistor. One end of the
secondary coil of the first transformer may output a positive
DC high-voltage pulse, and the other end of the secondary
coil of the first transformer may be grounded. One end of the
secondary coil of the second transformer may output a
negative DC high-voltage pulse, and the other end of the
secondary coil of the second transtformer may be grounded.

In an example embodiment, the high-voltage pulse gen-
erator may include: a transformer including a primary coil
configured to receive the DC voltage of the AC-DC con-
verter and a secondary coil configured to a positive DC
high-voltage pulse; an inductor connected to the primary
coil of the transformer 1n parallel; a power transistor having
one end grounded, and connected to the primary coil of the
transformer in series; a resistor connected to the power
transistor in parallel; a capacitor connected to the power
transistor in parallel; and a diode disposed between the
resistor and the capacitor connected to the other end of the
power transistor in parallel. The controller may control a
gate of the power transistor. One end of the secondary coil
of the transformer may output a negative DC high-voltage
pulse, and the other end of the secondary coil of the
transistor may be grounded.

In an example embodiment, the high-voltage pulse gen-
crator may include: a transformer including a primary coil
configured to receive the DC voltage of the AC-DC con-
verter and a secondary coil configured to generate a negative
DC high voltage; an inductor connected to the primary coil
of the transformer 1n parallel; and a power transistor con-
nected between a ground and the primary coil of the trans-
former. The controller may control a gate of the power
transistor. On end of the secondary coil of the transformer
may output a negative DC high-voltage pulse, and the other
end of the secondary coil of the transformer may be
grounded.
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In an example embodiment, the high-voltage pulse gen-
erator may include: a transformer including a primary coil
configured to receive the DC voltage of the AC-DC con-
verter and a secondary coil configured to generate a negative
DC high-voltage pulse; an inductor connected to the primary
coil of the transformer 1n parallel; a power transistor con-
nected between a ground and the primary coil of the trans-
former 1n series; a resistor and a capacitor, each having one
end connected to the DC voltage of the AC-DC converter,
connected to each other 1n parallel; and a diode having one
end connected between the power transistor and the primary
coil and the other end connected to the other end of the
resistor and the capacitor connected 1n parallel. The con-
troller may control a gate of the power transistor. One end
of the secondary coil of the transformer may output a
negative DC high-voltage pulse, and the other end of the
secondary coil of the transformer may be grounded.

In an example embodiment, the high-voltage pulse gen-
erator may include: a transformer including a primary coil
configured to receive the DC voltage of the AC-DC con-
verter and a secondary coil configured to generate a positive
DC high-voltage pulse; an inductor connected to the primary
coil of the transformer 1n parallel; a power transistor con-
nected between a ground and the primary coil of the trans-
former 1n series; a resistor connected to the power transistor
in parallel; a capacitor connected to the power transistor 1n
parallel; and a diode disposed between the resistor and the
capacitor connected to the other end of the power transistor
in parallel. The primary coil and the secondary coil may
have a phase diflerence of 180 degrees. The controller may
control a gate of the power transistor. One end of the
secondary coil of the transformer may output a positive DC
high-voltage pulse, and the other end of the secondary coil
of the transformer may be grounded.

In an example embodiment, the first impedance matching
network may include an iitial discharge capacitor con-
nected to the mitial discharge induction coil 1n series.

In an example embodiment, the first impedance matching
network may include a pair of mitial discharge capacitors,
respectively connected to both ends of the 1nitial discharge
induction coil.

In an example embodiment, the first impedance matching,
network may include a transformer and a pair of 1initial
discharge capacitors, respectively connected to both ends of
the 1mtial discharge inductor coil. A primary coil of the
transiformer may be connected to an output terminal of the
RF power supply, and a secondary coil of the transformer
may be connected to both ends of the mnitial discharge
inductor coil and the pair of imitial discharge capacitors
connected 1n series.

In an example embodiment, the first impedance matching
network may include: a first mitial discharge capacitor
connected to the mmitial discharge induction coil 1n parallel;
and a second mitial discharge capacitor and a third mitial
discharge capacitor, respectively connected to both ends of
the imtial discharge capacitor and the imitial discharge
induction coil connected 1n parallel.

In an example embodiment, in the main discharge induc-
tor coil module, the plurality of unit antennas may be
respectively disposed on a plurality of placemen plane,
perpendicular to a central axis of the dielectric discharge
tube, and are connected 1n series, auxiliary capacitors may
be connected between adjacent unit antennas 1n series, and
the second impedance matching network may include a first
capacitor and a second main capacitor, respectively con-
nected to both ends of the unit antennas connected 1n series.
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In an example embodiment, the RF power supply may
include: a rectifier configured to convert commercial power
into DC power; an inverter configured to receive the DC
power and to converter the received DC power into RF
power; and a controller configured to control the switching
signals to control a driving frequency and power. The RF
power supply may operate at the first resonant frequency
during initial discharge and may operate at the second
resonant frequency when main inductively coupled plasma
1s generated.

In an example embodiment, the RF power supply may
include: a first RF power supply configured to supply AC
power to the mmitial discharge induction coil module and
operating at the first resonant frequency; and a second RF
power supply configured to supply AC power to the main
discharge induction coil module and operating at the second
resonant frequency. The first RF power supply may include:
a first rectifier configured to convert AC power into DC
power; a {irst inverter configured to recerve DC power of the
first rectifier and to supply AC power of the first resonant
frequency to the mnitial discharge induction coil module; and
a first controller configured to control an output of the first
inverter. The second RF power supply may include: a second
rectifier configured to convert AC power into DC power; a
second 1nverter configured to recerve DC power of the
second rectifier and to supply AC power of the second " a
second resonant frequency to the main discharge induction
coil module; and a second controller configured to control an
output of the second inverter.

In an example embodiment, the RF power supply may
include: a rectifier configured to AC power 1mto DC power;
a first RF power supply configured to recerve DC power of
the rectifier and to supply AC power to the 1nitial discharge
induction coil module and operating at the first resonant
frequency; and a second RF power supply configured to
receive DC power of the rectifier and to supply AC power to
the main discharge induction coil and operating at the
second resonant frequency.

In an example embodiment, the first RF power supply
may include: a first inverter configured to receive DC power
of the rectifier and to convert the received DC power into
first AC power of a first resonant frequency; a first controller
configured to control the first inverter; a second inverter
configured to receive DC power of the rectifier and to
convert the received DC power mto AC power of a second
resonant frequency; and a second controller configured to
control the second inverter.

In an example embodiment, the first RF power supply
may operate within a frequency range from 4 MHz to 5
MHz, and the second RF power supply may operate within
in a frequency range from 400 kHz to 4 MHz.

In an example embodiment, each of the first inverter and
the second i1nverter may have a full-bridge structure or a
half-bridge structure.

In an example embodiment, the plasma generating appa-
ratus may further include: a first detection sensor configured
to detect current flowing through the 1nitial discharge induc-
tion coil. The RF power supply may detect a transition from
a capacitively coupled mode to an inductively coupled mode
using an output of the first detection sensor to change a
driving frequency from the first resonant frequency to the
second resonant frequency.

In an example embodiment, the plasma generating appa-
ratus may further include: a second detection sensor con-
figured to detect current tlowing through the main discharge
induction coil module. The RF power supply may detect that
the main 1inductively coupled plasma 1s generated using an
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output of the second detection sensor to interrupt power
supplied to the mitial discharge induction coil module.

In an example embodiment, the first electrode may be
disposed above the mitial discharge induction coil to be
charged with a positive DC high voltage, and the second
clectrode may be disposed below the 1nitial discharge induc-
tion coil, may have a C shape to surround the dielectric
discharge tube, and may be charged with a negative DC high
voltage.

In an example embodiment, the initial discharge induction
coil may be 1n the form of a solenoid and may be wound 1n
multiple layers.

In an example embodiment, the initial discharge induction
coill may have a triple structure including an internal sole-
noid coil, an intermediate solenoid coil, and an external
solenoid coil.

In an example embodiment, the unit antenna may include:
a first antenna disposed to be 1n contact with the dielectric
discharge tube on a placement plane, perpendicular to a
central axis, and configured to form a loop; a second antenna
disposed to surround the first antenna and configured to form
a loop; and a third antenna disposed to surround the second
antenna and configured to form a loop.

In an example embodiment, the unit antenna may include
a plurality of turns disposed on the same placement plane
and may further include a -shaped insulating spacer
insulating the plurality of turns.

A method for operating a plasma generating apparatus
according to an example embodiment may include: 1njecting
a first gas mto a dielectric discharge tube; providing seed
charges to an 1nside of the dielectric discharge tube using the
first gas; performing 1inmitial discharge of the first gas from the
seed charges with AC power of a first resonant frequency
using an initial discharge induction coil and a first 1imped-
ance matching network connected to the initial discharge
induction coil; and generating main inductively coupled
plasma of the first gas with AC power of a second resonant
frequency, different from the first resonant frequency, using
a plurality of unit antennas and a second impedance match-
ing network.

In an example embodiment, the method may further
include: maintaining the main inductively coupled plasma
while changing the first gas 1into a second gas.

In an example embodiment, after the initial discharge of
the first gas, the method may further include: generating
preliminary main inductively coupled plasma of the first gas
from the mni1tial discharge with AC power of a frequency near
a second resonant frequency using a plurality of unmit anten-
nas and a second impedance matching network.

In an example embodiment, the method may further
include: interrupting the AC power of the first resonant
frequency when the preliminary main inductively coupled
plasma 1s generated.

BRIEF DESCRIPTION OF DRAWINGS

The above and other aspects, features, and advantages of
the present disclosure will be more clearly understood from
the following detailed description, taken 1n conjunction with
the accompanying drawings.

FIG. 1 1s a conceptual diagram illustrating an application
example of an atmospheric-pressure plasma device accord-
ing to an example embodiment of the present disclosure.

FIG. 2A 1s a conceptual diagram illustrating an initial
discharge operation of an atmospheric pressure device
according to an example embodiment of the present disclo-
sure.
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FIG. 2B 1s a conceptual diagram illustrating a main
discharge operation of an atmospheric-pressure plasma
device according to an example embodiment of the present
disclosure.

FIG. 3 1s a conceptual diagram 1illustrating the atmo-
spheric pressure 1 FIG. 2A from a circuit point of view.

FIG. 4 1s a conceptual diagram 1llustrating division of a
voltage applied to an 1nitial discharge induction coil during
an 1mtial discharge operation of the atmospheric-pressure
plasma device 1n FIG. 2A.

FIG. 5 1s a conceptual diagram 1llustrating division of a
voltage applied to a main discharge induction coil during a
main discharge operation of the atmospheric-pressure
plasma device 1n FIG. 2A.

FIG. 6 1s a plan view illustrating a disposition relationship
ol unit antennas of a main discharge induction coil module
according to an example embodiment of the present disclo-
sure.

FIG. 7 1s a plan view of unit antennas of a main discharge
induction coil module according to an example embodiment
of the present disclosure.

FIG. 8 1s a cross-sectional view illustrating an insulating
state of unit antennas of a main discharge induction coil

module according to an example embodiment of the present
disclosure.

FIG. 9 1s a cutaway perspective view illustrating a dis-
position relationship of a first electrode and a second elec-
trode according to an example embodiment of the present
disclosure.

FIG. 10 1s a circuit diagram of a DC power supply
according to another example embodiment of the present
disclosure.

FIG. 11 1s a circuit diagram illustrating a high-voltage
pulse generator in FIG. 10.

FIG. 12 1s a cross-sectional view illustrating a main
discharge induction coil module of an atmospheric-pressure
plasma generating apparatus according to another example
embodiment of the present disclosure.

FIG. 13 1s a plan view 1illustrating a disposition relation-
ship of unit antennas of the main discharge induction coil
module 1 FIG. 12.

FIG. 14 1s an equivalent circuit diagram illustrating an
initial discharge mode of the atmospheric-pressure plasma
generating apparatus 1 FIG. 12.

FIG. 15 1s an equivalent circuit diagram illustrating a
main discharge mode of the atmospheric-pressure plasma
generating apparatus 1 FIG. 12.

FIG. 16 1s a timing diagram illustrating an initial dis-
charge mode and a main discharge mode of the atmospheric-
pressure plasma generating apparatus i FIG. 12.

FIG. 17 1s a conceptual diagram illustrating a plasma
generating apparatus according to FIG. 2A.

FIG. 18 1s a conceptual diagram illustrating a plasma
generating apparatus according to another example embodi-
ment of the present disclosure.

FIG. 19 1s a conceptual diagram illustrating a plasma
generating apparatus according to another example embodi-
ment of the present disclosure.

FI1G. 20 1s a conceptual diagram illustrating discharge of
the plasma generating apparatus i FIG. 19.

FIG. 21 1s a timing diagram of signals in FIG. 19.

FI1G. 22 1s a flowchart illustrating a method for operating
the plasma generating apparatus in FIG. 19.

FIG. 23 1s a conceptual diagram illustrating a plasma
generating apparatus according to another example embodi-
ment of the present disclosure.
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FIGS. 24 to 28 each illustrate an 1nitial discharge imduc-
tion coil module connected to a second RF power supply

according to an example embodiment of the present disclo-
sure.

FIG. 29 illustrates a main discharge induction coil module
connected to a second RF power supply according to another
example embodiment of the present disclosure.

FIG. 30 1s a circuit diagram of a full-bridge 1inverter used
in a first inverter or a second inverter.

FIG. 31 1s a circuit diagram of a half-bridge inverter
according to an example embodiment of the present disclo-
sure.

FIG. 32 15 a conceptual diagram illustrating a seed charge
generator according to another example embodiment of the
present disclosure.

FIG. 33 to FIG. 36 are conceptual diagrams of a high-
voltage pulse generation unit according to another example
embodiment of the present disclosure.

FIG. 37 1s a plan view of a unit antenna of a main
discharge induction coil module according to another
example embodiment of the present disclosure.

DETAILED DESCRIPTION

Heremaftter, example embodiments will be described with
reference to the accompanying drawings.

A plasma generator according to an example embodiment
of the present disclosure includes a pair of electrodes
disposed 1n a dielectric discharge tube, an mitial discharge
induction coil module, and a main discharge induction coil
module. The 1nitial discharge induction coil module and the
main discharge induction coi1l module are connected to an
RF power supply in parallel, and the RF power supply
selectively supplies RF power to the mitial discharge induc-
tion coil module or the main discharge induction coil module
according to a resonant frequency.

The 1mitial discharge module includes an antenna advan-
tageous for i1gnition, and the main discharge module has
antenna characteristics advantageous for discharge mainte-
nance. The imtial discharge module and the main discharge
module, connected to each other in parallel, have different
impedance characteristics depending on a driving {frequency.
The imitial discharge module has a first resonant {frequency,
and the main discharge module has a second resonant
frequency. When current tflows at the first resonant fre-
quency, the current mainly flows to the initial discharge
module. Since mmpedance 1s relatively high at the first
resonant frequency 1n a route rather than resonance, a
relatively small amount of current flows. When current flows
at the second resonant frequency, the current mainly flows to
the main discharge module. Even when there are three or
more discharge modules, 1 different resonant frequencies
are allocated to the respective discharge modules, current
may be supplied to a desired discharge module. Therefore,
according to the present disclosure, impedance matching
may be performed 1n a wide actual resistance range, a wide
discharge control range (a flow rate, power, and a pressure)
may be implemented, and current may to be switched to a
multi-purposed discharge module to change a discharge
function.

The pair of electrodes may be respectively disposed above
and below the mnitial discharge induction coil of the initial
discharge module to generate to apply a DC voltage at an
atmospheric pressure to generate an electrostatic vertical
clectric field E_ig 1n a direction of a central axis of the
dielectric discharge tube for performing 1nitial discharge and
to generate seed charges.
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The 1nitial discharge mduction coil module 1s disposed
between the pair of electrodes, and includes an 1nitial
discharge induction coil and an 1mitial discharge capacitor
connected to the initial discharge induction coil in series.
The main discharge module and the mnitial discharge module
are connected 1n parallel. The 1nitial discharge induction coil
module has a first resonant frequency, and receives RF
power having the first resonant frequency from the RF
power supply 1n an 1mnitial discharge mode to perform 1nitial
discharge. The main discharge module does not perform
discharge due to high impedance at the {first resonant fre-
quency. Plasma, generated by the 1nitial discharge induction
coil, transitions from a capacitively coupled mode (or an E
mode) to an mductively coupled mode (or an H mode). In
the capacitively coupled mode (or the E mode), the initial
discharge induction coil generates a potential difference on
both ends of the imitial discharge induction coil at the first
resonant frequency. After the transition to the inductively
coupled mode (or the H mode), actual plasma resistance 1s
increased and the first current, flowing to the mmitial dis-
charge inductor coil, 1s decreased.

The main discharge module includes serially connected
unit antennas spaced apart from the initial discharge induc-
tion coil and respectively disposed on a plurality of place-
ment planes, a first main capacitor and a second main
capacitor respectively disposed both ends of the umit anten-
nas, and an auxiliary capacitor connected between the unit
antennas 1n series. The main discharge module and the 1naitial
discharge module are connected 1n parallel. The main dis-
charge module has a second resonant frequency. During a
transition from the capacitively coupled mode (or the E
mode) to the mductively coupled mode (or the H mode) due
to the initial discharge induction coil, the RF power supply
changes a driving frequency from the {first resonant fre-
quency to the second resonant frequency. At the same time,
the DC voltage 1s removed from the pair of electrodes.
Accordingly, the 1nitial discharge module does not perform
discharge because current does not flow due to high 1mped-
ance, and the main discharge module allows current to tlow
due to low impedance and stably generates inductively
coupled plasma.

Hereinatiter, the present disclosure will be described in
more detail based on preferred embodiments. However,
these embodiments are for better understanding of the
present disclosure, and it 1s obvious to those skilled 1n the art
that the scope of the present disclosure 1s not limited thereto.
In addition, 1n the case i which detailed description of
known functions or configurations 1n relation to the present
disclosure 1s judged as unnecessarily making the essence of
the present disclosure vague, the detailed description will be
excluded.

FIG. 1 1s a conceptual diagram 1llustrating an application
example of an atmospheric-pressure plasma device accord-
ing to an example embodiment of the present disclosure.

Referring to FIG. 1, a substrate processing apparatus 10
may include a substrate holder 93 provided inside of a
vacuum container 92, and may perform a deposition process,
an etching process, a diflusion process, or an 1on 1implanta-
tion process on a substrate 94 disposed on the substrate
holder 93. The vacuum container 92 i1s exhausted by a
vacuum pump 935, and an exhaust gas is purified through an
atmospheric-pressure plasma generation device 100 to be
discharged to an external entity. The exhaust gas includes
contaminants such as fine particles, deadly toxic gases, and
greenhouse gases.
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The exhaust gas 1s discharged after being purified through
a gas scrubber. The gas scrubber includes a combustion-type
gas scrubber or a plasma-type gas scrubber.

An atmospheric pressure discharge plasma method may
include a high-voltage tlat-type plasma method, an arc torch
method, and an induction heating plasma method. The
high-voltage tlat-type plasma method has high discharge
maintenance, but encounters difliculty in establish low
plasma density and high temperature conditions at a high
operating pressure. Therefore, an eflect of removing toxic
substances by thermochemical decomposition 1s low.

High-temperature plasma such as an arc torch provides a
high reaction temperature, but exhibits low decomposition
elliciency because a process gas 1s not directly injected nto
the plasma and low durability of an electrode for generating
an arc.

An atmospheric-pressure plasma device according to an
example embodiment may implement high plasma density
(10'°/cm’) and high gas temperature (3000 degrees Celsius)
at a pressure ol 100 Torr or more using imnductively coupled
plasma. Accordingly, the atmospheric-pressure plasma
device may be disposed 1 back of a vacuum pump to
decompose and process a noxious gas tlowing after being
mixed with a gas of several tens of standard liter per minute
(SLM) or more under atmospheric pressure. The noxious gas
may be a C.F, or S,F, gas. In the present disclosure,
inductively coupled discharge of a CF, gas, which i1s
conventionally diflicult to be discharged at atmospheric
pressure, may be performed at the atmospheric pressure. An
atmospheric pressure I according to an example embodiment
may be used 1n a process such as CO, reforming.

FIG. 2A 1s a conceptual diagram illustrating an initial
discharge operation of an atmospheric pressure device
according to an example embodiment of the present disclo-
sure.

FIG. 2B 1s a conceptual diagram illustrating a main
discharge operation of an atmospheric-pressure plasma
device according to an example embodiment of the present
disclosure.

FIG. 3 1s a conceptual diagram illustrating the atmo-
spheric pressure 1 FIG. 2A from a circuit point of view.

FIG. 4 1s a conceptual diagram illustrating division of a
voltage applied to an 1nitial discharge induction coil during
an initial discharge operation of the atmospheric-pressure
plasma device FIG. 2A.

FIG. 5 1s a conceptual diagram illustrating division of a
voltage applied to a main discharge imnduction coil during a
main discharge operation of the atmospheric-pressure
plasma device 1n FIG. 2A.

FIG. 6 1s a plan view 1llustrating a disposition relationship
of unit antennas of a main discharge induction coil module
according to an example embodiment of the present disclo-
sure.

FIG. 7 1s a plan view of unit antennas of a main discharge
induction coil module according to an example embodiment
of the present disclosure.

FIG. 8 1s a cross-sectional view 1llustrating an insulating,
state of unit antennas of a main discharge induction coil
module according to an example embodiment of the present
disclosure.

FIG. 9 1s a cutaway perspective view illustrating a dis-
position relationship of a first electrode and a second elec-
trode according to an example embodiment of the present
disclosure.

Referring to FIGS. 2 to 9, an atmospheric-pressure plasma
generating apparatus 100 may include a dielectric discharge
tube 140; an mitial discharge induction coil module 102
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including an 1nitial discharge induction coil 120 surrounding
the dielectric discharge tube 140, having a plurality of turns,
and generating atmospheric-pressure 1nitial discharge and
initial discharge capacitors 122a and 12256 connected to the
initial discharge induction coil 120 1n series to provide a first
resonant frequency fa; a first electrode 114 and a second
clectrode 116 disposed above and below the 1mitial discharge
induction coil 120 to provide initial discharge seeds; a DC
power supply 112 configured to apply a DC high voltage
between the first electrode 114 and the second electrode 116;
a main discharge induction coil module 103 having a second
resonant {requency ib and configured to receive the nitial
discharge generated by the imitial discharge induction coil
102 to generate main inductively coupled plasma; and an RF
power supply 150 configured to supply RF power to the
initial discharge induction coil module 102 and the main
discharge mduction coil module 103 connected 1n parallel
and to change a driving frequency.

The main discharge induction coil module 103 includes a
plurality of unit antennas 132 disposed to be spaced apart
from the mitial discharge induction coil 120, respectively
disposed on a plurality of placement planes perpendicular to
a central axis of the dielectric discharge tube 140, and
connected to each other 1n series; a first main capacitor 133a
and a second main capacitor 1335, respectively disposed on
both ends of the unit antennas 132; and auxiliary capacitors
134 connected to each other between the unit antennas 132
1n series.

The RF power supply 150 induces initial discharge to the
initial discharge induction coil 120 at the first resonant
frequency fa with the help of the DC high voltage. The RF
power supply 150 changes the driving frequency from the
first resonance frequency fa to the second resonance fre-
quency Ib to perform main discharge.

Due to a low inducted electric field, 1t may be diflicult for
atmospheric pressure mductively coupled plasma to gener-
ate 1gnition (or mitial discharge). Therefore, a help of DC
discharge performed by the first electrode 114 and the
second electrode 116 1s given to achieve stable initial
discharge. On the other hand, 1t may be diflicult for DC
discharge to form high plasma density. An electrode, dis-
posed outside of the dielectric discharge tube 140, causes the
dielectric discharge tube 140 to be damaged by a high
clectric field E_ig.

The mitial discharge induction coil 120 generates nitial
inductively coupled plasma with the help of seed charges
generated by DC discharge. To this end, a strong electro-
static vertical electric field E z 1in a direction of the central
axis ol the dielectric discharge tube 140 1s required. The
strong electrostatic vertical electric field E_z depends on a
structure of the mitial discharge induction coil. The electro-
static vertical electric field E_z of the mitial discharge
induction coil 120 may establish a capacitively coupled
mode. The electrostatic vertical electric field E_z may be
generated by a high potential difference Va applied to both
ends of the 1nitial discharge induction coil. The electrostatic
vertical electric field E_z may be 1n proportion to inductance
La of the imitial discharge induction coil 120. However,
when the inductance La of the initial discharge induction
coil 120 1s excessively high, the power of the RF power
supply 150 15 not efliciently transierred to a load (an initial
discharge induction coil) due to ligh impedance. Therelore,
the mnitial discharge capacitors 122q and 1225 are connected
the mitial discharge induction coil 120 1n series to provide
the first resonant frequency fa. When the RF power supply
150 operates at the first resonant frequency fa, an 1maginary
part of impedance Za viewed from an output terminal of the
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RF power supply toward the 1nitial discharge induction coil
120 may be removed. Accordingly, the RF power supply 150
may stably transier RF power to the initial discharge induc-
tion coil. In addition, since the initial discharge induction
coil 120 has high inductance, a high potential difference Va
may be induced to both ends of the initial discharge induc-
tion coil 120, and thus, the electrostatic vertical electric field
E_z may establish the capacitively coupled mode. In the
capacitively coupled mode, streamer discharge 1s locally
performed 1n a direction of the central axis of the dielectric
discharge tube 140.

When plasma 1s suthiciently generated by the capacitively
coupled mode, an induced electric field E_a_ind in an
azimuthal direction 1s generated by first current Ia flowing
through the 1nitial discharge induction coil 120. Due to the
induced electric field E_a_ind, plasma transitions from a
capacitively coupled mode to an inductively coupled mode.
In the inductively coupled mode established by the initial
discharge induction coil 120, plasma 1s generated overall 1n
the dielectric discharge tube 140. In the inductively coupled
mode, the first current Ia flowing through the 1mitial dis-
charge induction coil and the potential difference Va applied
to both ends of the mmitial discharge induction coil are
decreased, as compared with those 1n the capacitively
coupled mode.

However, in the inductively coupled mode established by
the 1mitial discharge induction coil 120, the high inductance
La of the mitial discharge induction coil 120 allows a high
potential difference to be still maintained at both ends of the
initial discharge induction coil. Accordingly, a plasma
sheath 1s formed between plasma having constant plasma
potential and the mitial discharge induction coil 120, and
ions are accelerated to an internal wall of the dielectric
discharge tube 120 through the plasma sheath. Thus, the
dielectric discharge tube 120 1s damaged by heat and dis-
charge efliciency 1s reduced.

In the present disclosure, the initial discharge induction
coil 120 optimized for imitial discharge and the main dis-
charge induction coil module 103 for suppressing thermal
damage of the dielectric discharge tube 140 and 1ncreasing
the discharge efliciency are used to address the above 1ssues.
In an mitial discharging step, RF power 1s introduced into
the 1mitial discharging induction coil 120 to from a transition
from a capacitively coupled mode to an inductively coupled
mode. The main discharge induction coil module 103 may
directly generate plasma in the inductively coupled mode
without entering the capacitively coupled mode using a large
amount of charged particles generated by the initial dis-
charge induction coil 120.

The main discharge induction coil module 103 has elec-
trical characteristics and discharge characteristics diflerent
from those of the initial discharge induction coil module
102. The main discharge induction coil module 103 includes
a plurality of unit antennas 132 constituting the main dis-
charge induction coil module. The antennas 132 are dis-
posed on different placement planes to be stacked on each
other, and are disposed to surround the dielectric discharge
tube 140.

It may be difficult for the main discharge induction coil
module 103 to operate solely without the imitial discharge
induction coil. However, after the initial discharge induction
coil transitions to the inductively coupled mode, second
current Ib tlows to the main discharge induction coil module
103 at the same time as the first current Ia flowing through
the mitial discharge induction coil 120 1s removed. The main
discharge induction coil module 103 may perform stable
discharge 1n the inductively coupled mode immediately




US 11,791,133 B2

15

without entering the capacitively coupled mode. Due to
voltage division, a second potential diflerence Vb applied to
cach of the unit antennas 132 1s less than the potential
difference Va applied to both ends of the initial discharge
induction coil 120. The sum Lb of inductances of the unit
antennas 132 1s larger than the inductance La of the initial
discharge induction coil 120. Therefore, intensity of the
induced electric field E_b_ind 1s high and a potential dii-
ference of the plasma sheath i1s small, so that thermal
breakage of the dielectric discharge tube 140 1s suppressed
and discharge efliciency 1s increased.

The main discharge induction coil module 103 includes a
plurality of unit antennas 132 disposed to be spaced apart
from the initial discharge induction coil, respectively dis-
posed on placement planes perpendicular to a central axis of
the dielectric discharge tube 140, and connected to each
other 1n series; a first main capacitor 133a and a second main
capacitor 1335, respectively disposed on both ends of the
unit antennas 132; and auxiliary capacitors 134 connected
between the unit antennas 132 1n series. The main discharge
induction coi1l module 103 has a second resonant frequency
tb and performs voltage division 1n proportion to the number
of the unit antennas 132. Thus, thermal damage to the
dielectric discharge tube 140 1s suppressed and discharge
efliciency 1s increased.

The RF power supply 150 may change a driving fre-
quency and may selectively supply RF power to the mitial
discharge induction coil module 102 and the main discharge
induction coil module 103 connected to each other in
parallel. The RF power supply 150 mainly supplies power to
the mitial discharge imnduction coil module 102 at the first
resonant frequency fa. On the other hand, the RF power
supply 150 mainly supplies power to the main discharge
induction coil module 103 at the second resonance ire-
quency 1b.

The dielectric discharge tube 140 may be a cylindrical
dielectric discharge tube. Specifically, a matenial of the
dielectric discharge tube 140 may be ceramic, sapphire, or
quartz. The ceramic may be alumina or AIN. An external
diameter of the dielectric discharge tube 140 may be several
centimeters to tens of centimeters. An internal diameter of
the dielectric discharge tube 140 may be several millimeters
to tens ol millimeters smaller than the external diameter
thereot. A length of the dielectric discharge tube 140 may be
several centimeters to several meters. Both ends of the
dielectric discharge tube 140 may be respectively coupled to
an upper flange 142 and a lower flange 144 to be sealed. The
lower tlange 144 may receive an exhaust gas of the substrate
processing apparatus 10 as a process gas.

Referring to FIG. 9, the mitial discharge induction coil
120 may significantly decrease the number of turns per unit
length 1n a length direction of the dielectric discharge tube
120. The mitial discharge induction coil 120 may be a
solenoid coil having a multilayer structure. Specifically, the
initial discharge induction coil 120 has a solenoid shape and
may be wound in multiple layers. The mitial discharge
induction coil 120 may have a triple-layer structure includ-
ing an internal solenoid coil 120q, an intermediate solenoid
coll 12054, and an external solenoid coil 120¢. The internal
solenoid coil 120¢ may be four turns surrounding the
dielectric discharge tube 120. The intermediate solenoid coil
1206 may be four turns surrounding the internal solenoid
coil 120qa. The external solenoid coi1l 120¢c may be three turns
surrounding the intermediate solenoid coil 1205. The 1nitial
discharge induction coil 120 may be wound to construc-
tively interfere with a magnetic field therein. For example,
the inductance La of the initial discharge induction coil 120
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may be 8 uH. The initial discharge induction coil 120 may
include a copper pipe, and a coolant may flow inside the
initial discharge induction coil. A cross section of a pipe,
constituting the 1mitial discharge induction coil, may have a
circular shape.

The 1mtial discharge capacitors 122aq and 1226 may be
connected to at least one of both ends of the initial discharge
induction coil. The mitial discharge capacitors 122a and
1226 and the imitial discharge induction coil 120 may be
connected in series to provide the first resonant frequency 1a.
Capacitance Ca of the first iitial discharge capacitor 122qa
may be the same as capacitance Ca of the second initial
discharge capacitor 122b.

The first resonant frequency fa may be 3.3 MHz. The first
resonance Irequency fa may be defined by equivalent
capacitance C'a of the initial discharge capacitors 122a and
1226 and inductance La of the mitial discharge induction
coil 120. The imitial discharge capacitors 122q and 1225 may
be disposed on one of both ends of the imitial discharge
induction coil.

The DC power supply 112 may generate a high-voltage
DC pulse. The high-voltage DC pulse may be a negative DC
high voltage and a positive DC high voltage. The DC power
supply 112 may generate a high-voltage pulse of several tens
of kilohertz (kHz). The negative DC high voltage may be
negative tens of kilovolts (kV), and the positive DC high
voltage may be positive tens of kV.

A pair of electrodes 114 and 116 may include a first
clectrode 114 and a second electrode 116, respectively
disposed above and below the mnitial discharge induction
coil 120. The first electrode 114 may be charged with a
positive DC high voltage and may be in the form of a
rectangular plate adhering and attached to the dielectric
discharge tube 140.

The first electrode 114 1s disposed to be in contact with an
external sidewall of the dielectric discharge tube 140 above
the mitial discharge induction coil 120 and receives the
positive DC high voltage. The first electrode 114 may have
a rectangular shape.

The second electrode 116 1s disposed to be 1n contact with
an external sidewall of the dielectric discharge tube 120
below the mnitial discharge induction coil 120 and receives
the negative DC high voltage. The second electrode 116 may
have a “C” shape to surround the dielectric discharge tube
140. The second electrode 116 may have a larger area than
the first electrode to generate electrons. The second elec-
trode 116 may be a band-shaped conductor disposed to
surround the dielectric discharge tube 140. The second
clectrode 116 may be heated by an induction electric field
E_a_ind generated by the imitial discharge induction coil or
an induction electric field E_b_ind generated by the unit
antennas. Theretfore, the second electrode 116 may have a
“C” shape without forming a perfect loop such that eddy
current, generated by the induced electric fields E_a_ind and
E_b_ind, does not flow. The second electrode may be
charged with a negative DC high voltage and may be 1n the
form of a band adhering and attached to the dielectric
discharge tube 140. In addition, the second electrode 116
may be formed to be serpentine such that the induced
clectric field in an azimuthal direction does not flow, or may
include a plurality of slits extending in a direction of a
central axis of a cylinder.

Voltages, applied to the first electrode 114 and the second
clectrode 116, may have opposite signs and may have the
same absolute value. The DC power supply 112, applying a
DC high voltage to the first electrode 114 and the second
clectrode 116, may apply a level of 30 kV at atmospheric
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pressure. In this case, a vertical streamer 1s generated 1n a
vertical direction in which the first electrode 114 and the
second electrode 116 are connected (the direction of the
central axis of the dielectric discharge tube 140), and a
C-shaped streamer 1s generated on the second electrode 116.
When the second electrode 116 forms a perfect loop, first
current flowing through the initial discharge induction coil
120 may generate eddy current 1n the second electrode 116
and may heat the second electrode 116. Therefore, the
second electrode 116 may be cut while securing a suflicient
area to suppress the eddy current or may have a slit 1 a
vertical direction.

A gap between the first electrode 114 and the initial
discharge induction coil 120 or a gap between the second
clectrode 116 and the initial discharge induction coil 120
may be large enough to suppress parasitic discharge, caused
by a high voltage at atmospheric pressure, and induction
heating caused by an inducted magnetic field. Specifically,
the gap between the first electrode 114 and the initial
discharge induction coil 120 or the gap between the second
clectrode 116 and the mnitial discharge induction coil 120
may be several centimeters (cm) or more, 1n detail, 1 cm or
more.

The RF power supply 150 may output RF power. The RF
power supply 150 may convert commercial AC power 1nto
RF power and transmit the RF power to a load. For example,
the RF power may have a frequency of several hundreds of
KHz to several tens of MHz and a power of several kW or
more. The RF power supply 150 may include a rectifier, an
inverter, and a controller. The rectifier may convert com-
mercial AC power into DC power. The mverter may receive
the DC power and convert the recerved DC power into RF
power 1n response to switching signals of the controller. The
controller may control the switching signals to control a
driving frequency and power. The RF power may perform
impedance matching at a {irst resonant frequency fa or a
second resonant frequency ib by changing a driving fre-
quency. The first resonant frequency fa and the second
resonant frequency 1b may be spaced apart from each other
by 0.2 MHz or more. When the first resonant frequency {a
1s within 0.2 MHz at the second resonant frequency ib,
impedances in two current directions are similar to each
other, and thus, power switching may be unstable. The first
resonant frequency fa may be higher than the second reso-
nant frequency 1ib. 1L

A first detection sensor 152 may detect a current or a
voltage flowing through the initial discharge induction coil
120. The second detection sensor 154 may detect a current
or a voltage flowing through the main discharge inductiyj
coill module 103. The RF power supply 150 may detect a
transition from a capacitively coupled mode to an induc-
tively coupled mode using an output of the first detection
sensor 152 and may change a driving frequency from the
first resonant frequency to the second resonant frequency.

Referring to FIG. 6, a main discharge induction coil
module 103 includes a plurality of unmit antennas, auxiliary
capacitors 134 disposed between the plurality of unit anten-
nas 132, and a first main capacitor 133a and a second main
capacitor 1335, respectively disposed at both ends of the
antennas. A cross section of a coil, constituting the unit
antenna 132, may have a rectangular shape. The unit anten-
nas 132 may be disposed clockwise at intervals of 90
degrees. Therelore, terminals electrically connecting the unit
antennas 132 may not interfere with each other.

Referring to FIGS. 7 and 8, a rectangular cross section
may increase a contact area with the dielectric discharge
tube 140 such that heat exchange efliciency may be
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improved to cool the dielectric discharge tube 140. When
main discharge 1s performed, plasma may transier energy to
the dielectric discharge tube 140 to heat the dielectric
discharge tube 140 to hundreds of degrees Celsius or more.
An 1ncrease 1n temperature of the dielectric discharge tube
140 may cause modification or damage of a material. A
coolant flows mwardly of the unit antenna 132 to cool the
unmit antenna 132. Since a coil having a circular cross section
1s 1n line contact with the dielectric discharge tube 140, 1t
may be difficult to efliciently cool the dielectric discharge
tube 140. A coil having a rectangular cross section increases
in cooling efliciency through surface contact with the dielec-
tric discharge tube 140. To stably maintain contact with an
internal coil of the unit antenna 132 and the dielectric
discharge tube 140, the internal coil 1s tightened to decrease
in a radius. Experimentally, 1n the case of a circular cross-
section coil, breakage of the dielectric discharge tube 140
was found at RF power of 5 kW or more. However, 1n the
case ol a rectangular cross-section coil, no breakage of the
dielectric discharge tube 140 was found even at RF power of
8 kW.

The unit antenna 132 may include a first antenna 1324
disposed to be in contact with the dielectric discharge tube
140 on a placement plane perpendicular to the central axis
of the dielectric discharge tube 140 and forming a loop; a
second antenna 1326 continuously connected to the first
antenna 132a, disposed to surround the first antenna 132a,
and forming a loop; and a third antenna 132¢ continuously
connected to the second antenna 1325, disposed to surround
the second antenna 1325, and forming a loop.

The unit antenna 132 has a rectangular cross section, and
the first antenna 132q adheres to the dielectric discharge tube
140 to cool the dielectric discharge tube 140. The first
antenna 132q and the second antenna 1325 may be con-
nected by the U-shaped first connector 32a. The second
antenna 1325 and the third antenna 132¢ may be connected
by the U-shaped second connector 325.

A clamp 35 may be disposed to allow both ends of the first
antenna 132a to adhere to each other such that the first
antenna 132a 1s brought into contact with the dielectric
discharge tube 140. The clamp 35 may be a cable tie.

The unit antenna 132 may include a plurality of turns
disposed on the same placement plane, and an insulating
spacer 36 may insulate the plurality of turns and may have
a‘“ 7 shape. The turns, each constituting the unit antenna
132, may be electrically insulated by an 1insulating spacer 36
and may be maintained at regular intervals. The insulating
spacer 36 may insulate adjacent unit antennas 132. The
insulating spacer may have a “  ” shape, and the second
antenna 1325 may be 1nserted into a recessed portion 36a.

At least a portion of the first antenna 132q may be molded
using a ceramic paste. A ceramic mold 37, surrounding at
least a portion of the first antenna 132a, may be 1n thermal
contact with the dielectric discharge tube 140. Therelore,
when a coolant tflows through the unit antenna 132, the
cooled unit antenna 132 may cool the ceramic mold 37 and
the ceramic mold 37 may indirectly cool the dielectric
discharge tube 140.

Capacitance 2C1 of the first main capacitor 133a 1s the
same as capacitance of the second main capacitor 1335. The
capacitance 2C1 of the first main capacitor 133a may be

twice as high as capacitance C1 of the auxiliary capacitor
134.

The second resonant frequency 1b may be given by the
sum Lb of inductances of the plurality of unit antennas 1324
and equivalent capacitance C'b of the capacitors 133a, 1335,

and 134.
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A first voltage drop Va, induced to the mitial discharge
induction coil 120 at the first resonant frequency fa, may be
greater than a second voltage drop Vb mnduced to the unit
antenna 132q at the second resonant frequency 1b. It may be
greater than. The second voltage drop Vb may be expressed
as a product of the second resonant frequency ib, second
current Ib, and the inductance L1 of the unit antenna 132a.
The first voltage drop Va may be expressed as a product of
the first resonant frequency fa, first current Ia, and the
inductance La of the imitial discharge induction coil.

The sum Lb of the inductances of the plurality of umt
antennas may be greater than the inductance La of the mitial
discharge 1induction coil.

FIG. 10 1s a circuit diagram of a DC power supply
according to another example embodiment of the present
disclosure.

FIG. 11 1s a circuit diagram illustrating a high-voltage

pulse generator in FIG. 10.

Referring to FIGS. 10 and 11, the DC power supply 112
may iclude an AC-DC converter 1120 converting commer-
cial power 1mto a DC voltage Vin; a high-voltage pulse
generator 1122 receiving the DC voltage Vin to generate a
positive DC high-voltage pulse and a negative DC high-
voltage pulse; and a controller 1124 controlling the high-
voltage pulse generator.

The high-voltage pulse generator 1122 may include a first
transformer 1222a including a primary coil recerving the DC
voltage of the AC-DC converter and a secondary coil
generating a positive DC high-voltage pulse; a first power
transistor 12225 connected to the primary coil of the first
transformer 1222a; a second transformer 1222¢ including a
primary coil receiving the DC voltage of the AC-DC con-
verter and a secondary coil generating a negative DC
high-voltage pulse; and a second power transistor 1222d
connected to the primary coil of the second transformer
1222¢. The controller 1124 may control gates of the first
power transistor 12226 and the second power transistor
1222d. One end of the secondary coil of the first transformer
1222a outputs a positive DC high-voltage pulse, and the
other end of the secondary coil of the first transformer 1222a
1s grounded. One end of the secondary coil of the second
transformer 1222¢ outputs a negative DC high-voltage
pulse, and the other end of the secondary coil of the second
transformer 1222¢ 1s grounded.

The DC voltage Vin may be a DC voltage of 12V to 24V,
The controller 1124 controls an ON time and a repetition
frequency of the first power transistor 12225 and the second
power transistor 11224 1n synchronization with each other.
The DC high-voltage pulse may be several tens of kV, and
the repetition frequency may be several tens of kHz.

FIG. 12 1s a cross-sectional view illustrating a main
discharge induction coil module of an atmospheric-pressure
plasma generating apparatus according to another example
embodiment of the present disclosure.

FIG. 13 1s a plan view 1illustrating a disposition relation-
ship of unit antennas of the main discharge induction coil
module 1 FIG. 12.

FIG. 14 1s an equivalent circuit diagram illustrating an
initial discharge mode of the atmospheric-pressure plasma
generating apparatus 1 FIG. 12.

FIG. 15 1s an equivalent circuit diagram illustrating a
main discharge mode of the atmospheric-pressure plasma
generating apparatus 1 FIG. 12.

FIG. 16 1s a timing diagram illustrating an initial dis-
charge mode and a main discharge mode of the atmospheric-
pressure plasma generating apparatus i FIG. 12.
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Retferring to FIGS. 12 to 16, the atmospheric-pressure
plasma generating apparatus 200 may include a dielectric
discharge tube 140; an 1mitial discharge induction coil mod-
ule 102 including an 1initial discharge induction coil 120
surrounding the dielectric cylindrical tube 140, having a
plurality of turns, and generating initial discharge and 1nitial
discharge capacitors 122aq and 1225 connected to the initial
discharge induction coil 120 in series to provide a first
resonant frequency fa; a first electrode 114 and a second
clectrode 116, respectively disposed above and below the
initial discharge induction coil 120 to provide an 1nitial
discharge seed; a DC power supply 112 applying a DC high
voltage between the first electrode 114 and the second
clectrode 116; a main discharge induction coil module 203
having a second resonant frequency 1b and receiving the
initial discharge, generated by the mitial discharge induction
coll module 102, to generate main inductively coupled
plasma; and an RF power supply 150 providing RF power to
the mnitial discharge induction coil module 102 and the main
discharge induction coil module 203 connected to each other
in parallel and changing a driving frequency.

The main discharge induction coil module 203 may
include A plurality of unit antennas 232a to 2324 and 332q
to 332¢ disposed to be spaced apart from the 1nitial discharge
induction coil 120, respectively disposed on a plurality of
placement planes perpendicular to a central axis of the
dielectric discharge tube 140, and connected to each other 1n
series; a first main capacitor 133a and a second main
capacitor 1335, respectively disposed on both ends of the
unit antennas 232a to 2324 and 332a to 332¢; and auxiliary
capacitors 134 connected between the unmit antennas 232a to
2324 and 332a to 332¢ 1n series, respectively.

The RF power supply 150 induces 1nitial discharge to the
initial discharge induction coil 120 at the first resonant
frequency fa with the help of the DC high voltage. The RF
power supply 150 changes the driving frequency from the
first resonant frequency fa to a second resonant frequency b
to perform main discharge.

The unit antennas 232a to 2324 and 332a to 332¢ are
disposed on different placement planes and may be ten. The
unit antennas 232aq to 2324 and 332a to 332¢ are divided 1nto
a first group 232a to 2324, including five unit antennas, and
a second group 332a to 332¢ including the other five unit
antennas. The umit antennas, constituting the first group
232a to 2324, may be disposed at intervals of 72 degrees 1n
an azimuthal direction. The unit antennas, constituting the
second groups 332a to 332¢, may be disposed at intervals of
72 degrees 1n the azimuthal direction. Therefore, the unit
antennas may not interfere with each other to provide
clectrical connection between adjacent unit antennas.

Specifically, equivalent capacitance C'a of the nitial
discharge capacitors 122aq and 1225 may be 260 pF, induc-
tance La of the mitial discharge induction coil may be 8 uH,
parasitic resistance of the imitial discharge induction coil Ra
may be 0.5 ohm. The first resonant frequency fa may be 3.3
MHz.

Inductance of the unit antenna may be 3.5 uH, and the
sum of inductances of the unit antenna may be 35 uH.
Equivalent capacitance C'b of the capacitors 133a, 1335, and
134, constituting the main discharge induction c011 module
203, may be 156 pF. Parasitic resistance Rb of the main
discharge induction coil module 203 may be 2.1 ohms. The
second resonant frequency itb may be 2.2 MHz.

Referring to FIG. 14, 1n the mitial discharging operation,
the driving frequency may be a first resonant frequency of
3.3 MHz. In this case, first current Ia flowing through the
initial discharge induction coil module 102 1s 31.5 A, and
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second current Ib flowing through the main discharge induc-
tion coil module 203 1s 0.04 A. Therefore, a current ratio (a
ratio of Ia to Ib) or an impedance ratio may be 800 to 1. For
example, 1n the mmitial discharging operation, all currents
may flow to the mitial discharging induction coil module
102 and may transition from a capacitively coupled mode to
an inductively coupled mode. When the first current Ia,
flowing through the initial discharge induction coil module
102, or a voltage 1s sensed to transition to the inductively
coupled mode, the RF power supply changes the driving
frequency into the second resonant frequency 1b according
to a control signal.

Referring to FIG. 15, in the main discharge operation, the
driving frequency may be 2.2 MHz, a second resonant
frequency. In this case, the first current Ia flowing through
the 1nitial discharge induction coil module 102 1s 0.5 A, and
the second current Ib flowing through the main discharge
induction coil module 203 1s 49.5 A. Therefore, a current
rat1o (a ratio of Ia to Ib) or an impedance ratio may be 1 to
100. For example, in the main discharge operation, all
current flows to the main discharge induction coil module
203. Thus, stable plasma 1s maintained.

In addition, 1n the main discharging operation, a maxi-
mum value V2 of a potential difference Vb applied to both
ends of the unit antenna 1s about 3.2 times smaller than a
maximum value Vo of a potential diflerence Va applied to
both ends of the initial discharging induction coil. Accord-
ingly, thermal damage of the dielectric discharge tube 140
may be eliminated during main discharge.

FIG. 17 1s a conceptual diagram illustrating a plasma
generating apparatus according to FIG. 2A.

Referring to FIG. 17, the plasma generating apparatus 100
may include a dielectric discharge tube 140; a seed charge
generator 105 generating seed charges in the dielectric
discharge tube 140; an 1nitial discharge induction coil mod-
ule 102 including an initial discharge induction coil 120
surrounding the dielectric cylindrical tube 140 and receiving
the seed charges to generate initial discharge and a first
impedance matching network 122 connected to the initial
discharge induction coil 120 to provide a first resonant
frequency; a main discharge induction coil module 103
including a plurality of unit antennas 132 disposed to be
spaced apart from the imitial discharge induction coil 120,
surrounding the dielectric cylindrical tube 140, and receiv-
ing the imtial discharge to generate a main inductively
coupled plasma and a second impedance matching network
133 connected to the plurality of umt antennas 132 to
provide a second resonant frequency; and an RF power
supply 150 supplying power to the initial discharge imnduc-
tion coil module 102 and the main discharge induction coil
module 103.

The seed charge generator 105 may include a first elec-
trode 114, a second electrode 116, and a DC power supply
applying a DC high voltage between the first electrode 114
and the second electrode 116.

The DC power supply 112 may include an AC-DC
converter 1120 converting commercial power mto a DC
voltage Vin; a high-voltage pulse generator 1122 receiving
the DC voltage Vin to generate a positive DC high-voltage
pulse and a negative DC high-voltage pulse; and a controller
1124 controlling the high-voltage pulse generator 1122.

The RF power supply 150 may include a rectifier 151, an
inverter 156, and a control unit 158.

Referring to FIGS. 2A and 17, the mitial discharge
capacitors 122a and 1225 may be respectively disposed on
both ends of the mmitial discharge induction coil 120 to
provide impedance matching for a load while constituting a
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resonance circuit, and thus, may perform impedance match-
ing. For example, the first impedance matching network 122
may include the initial discharge capacitors 122a and 1225.

In addition, the first main capacitor 1334 and the second
main capacitor 1335 may be respectively disposed on both
ends of the unit antennas, connected in series to perform
main discharge, to provide impedance matching for a load I
while constituting a resonance circuit, and thus, may per-
form impedance matching. For example, the second imped-
ance matching network 133 may include a first main capaci-
tor 133a and a second main capacitor 1335.

A distance d2 between the initial discharge induction coil
120 and the unmit antenna 132 of the main coil induction coil
module may be long enough to protect the second electrode
116 causing seed charges to be generated by a DC high
voltage. To form a compact structure, the second electrode
116 disposed between the 1mitial discharge induction coil
120 and the unit antenna 132 of the main coil induction coil
module 103 needs to be removed. The seed charge generator
105 may generate seed charges in various manners to stably
generate the seed charges.

As an example, the seed charge generator 105 may
include a pair of electrodes having a DC high voltage
difference. One electrode may be disposed on an external
sidewall of the dielectric discharge tube 140, and the other
clectrode may be disposed on a central axis of the dielectric
discharge tube 140. Therefore, a strong electric field may be
applied by a DC high-voltage pulse 1n a radial direction of
the dielectric discharge tube 140 to generate seed charges.
When the second electrode 116 disposed between the 1nitial
discharge induction coil 120 and the unit antenna 132 of the
main coil induction coil module 1s removed, a plasma
generating apparatus may have a compact structure. In order
to stably generate the seed charges, a plurality of electrodes
may be disposed outside and/or inside of the dielectric
discharge tube 140. Specifically, the first electrode 114 may
receive a DC high voltage and may be disposed to be in
contact with the external sidewall of the dielectric discharge
tube 140, and the second electrode may be grounded to be
disposed 1inside of the dielectric discharge tube 140. The
second electrode may be grounded and may perform a
nozzle tunction to discharge an 1gnition gas and/or a process
gas. Accordingly, an electric field may be generated in the
radial direction of the dielectric discharge tube 140 by the
DC high-voltage pulse, and the electric field may generate
seed charges to induce mitial discharge of the imitial dis-
charge induction coil module.

According to a modified embodiment, the seed charge
generator 105 may include a waveguide receiving a super-
high frequency and radiating the super-high frequency
through a slit. The super-high frequency, radiated through
the slit of the waveguide, may be transierred to the inside of
the dielectric discharge tube 140 to generate seed charges at
an atmospheric pressure.

FIG. 18 1s a conceptual diagram illustrating a plasma
generating apparatus according to another example embodi-
ment of the present disclosure.

Referring to FIG. 18, a plasma generating apparatus 200
may include a dielectric discharge tube 140; a seed charge
generator 205 generating seed charges in the dielectric
discharge tube 140; an 1nitial discharge induction coil mod-
ule 102 including an mmitial discharge induction coil 120
surrounding the dielectric discharge tube 140 and receiving
the seed charges to generate mmitial discharge and a first
impedance matching network 122 connected to the initial
discharge induction coil 120 to provide a first resonant
frequency; a main discharge induction coil module 103
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including a plurality of unit antennas 132 disposed to spaced
apart from the 1mitial discharge induction coil 120, surround-
ing the dielectric discharge tube 140, and receiving the
initial discharge to generate main 1nductively coupled
plasma and a second impedance matching network 133
connected to the unit antennas 132 to provide a second
resonant frequency; and an RF power supply 150 supplying
power to the mitial discharge induction coil module 102 and
the main discharge induction coil module 103.

The dielectric discharge tube 140 may be a cylindrical
dielectric tube.

The seed charge generator 205 may include a first elec-
trode 114 and a second electrode 216 disposed on the
dielectric discharge tube 140 to provide seed charges; and a
DC power supply 212 applying a DC high-voltage pulse
between the first electrode 114 and the second electrode 216.
The first electrode 114 may have a plate or band shape and
may be disposed to be bent in contact with an external
sidewall of the dielectric discharge tube 140. The second
clectrode 216 1s disposed on a central axis of the dielectric
discharge tube 140 and may be electrically grounded. The
second electrode 216 may have a cylindrical shape and may
additionally perform a nozzle function to inject a gas.

The DC power supply 212 may output a DC high-voltage
pulse VDC of several kHz to several tens of kHz. The output
DC voltage of the DC power supply 112 may be several kV
to several tens of kV. An electric field E_1g may be generated
in a radial direction of the dielectric discharge tube 140 by
the DC high-voltage pulse VDC, the electric field E_1g may
generate seed charges 1n the state 1n which an 1gnition gas 1s
injected, and the seed charges may induce 1nitial discharge
of the 1gmition gas of the mitial discharge induction coil
module 102. The seed charge generator 105 may include a
first electrode 114, a second electrode 116, and a DC power
supply 112 applying a DC high voltage between the first
clectrode 114 and the second electrode 116.

The DC power supply 212 includes an AC-DC converter
2120 converting commercial power 1mto a DC voltage Vin;
a high-voltage pulse generator 2122 receiving the DC volt-
age Vin to generate a positive DC high-voltage pulse and a
negative DC high-voltage pulse; and a controller 2124
controlling the high-voltage pulse generator 2122.

As an electrode disposed between the initial discharge
induction coil 120 and the unit antenna 132 of the main coil
induction coil module 1s removed, a compact structure may
be formed. A distance d2 between the mitial discharge
induction coil 120 and the unit antenna 132 of the main coil
induction coil module may be maintained at 3 cm or less. In
addition, a distance d1 between the 1mitial discharge induc-
tion coil 120 and the first electrode may be maintained at 3
cm or less.

The 1nitial discharge induction coi1l module 102 includes
the first impedance matching network 122 and the nitial
discharge induction coil 120. The first impedance matching
network 122 may iclude a pair of mitial discharge capaci-
tors 122a and 1225, respectively connected to both ends of
the 1nitial discharge induction coil 120. The 1nitial discharge
induction coil 120 may be 1n the form of a solenoid having
a multilayer structure to increase inductance. The first reso-
nant frequency fa of the imitial discharge induction coil
module 102 may range from 4 MHz to 5 MHz, and current
of several tens of amperes may flow to the 1imitial discharge
induction coil module 102. The mnitial discharge induction
coil 120 generates 1nitial discharge of a gas with the help of
the seed charges, and transitions from a capacitively coupled
mode (or an E-mode) to an inductively coupled mode (or an
H-mode). For example, the initial discharge plasma transi-
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tions from a streamer-type capacitively coupled mode to a
bulk plasma-type inductively coupled mode 1n which plasma
1s entirely generated inside of the dielectric discharge tube
140.

The main discharge induction coil module 103 may
include a plurality of unit antennas 132 disposed on a
plurality of placement planes perpendicular to a central axis
of the dielectric discharge tube and connected to each other
in series; auxiliary capacitors 134 connected between adja-
cent unit antennas 132 1n series; and the second impedance
matching network 133 connected to the unit antennas 132
connected 1n series. The main discharge induction coil
module 103 may generate main imductively coupled plasma
using the initial discharge of the gas.

The second impedance matching network 133 may
include a first main capacitor 133¢ and a second main
capacitor 1335. The first main capacitor 133a and the second
main capacitor 1335 1s disposed on both ends of the umt
antennas connected 1n series, respectively.

The main discharge induction coil module 103 has a
second resonant frequency 1b and 1ncludes a second imped-
ance matching network 133 to perform impedance matching
with the second resonant frequency ib. The unit antennas
132 may have at least one turn 1n the same plane. The unit
antennas 132 are disposed on different placement planes,
and adjacent unit antennas are connected to each other in
series through an auxihiary capacitor 134.

The RF power supply 150 may include a rectifier 151
converting commercial AC power into DC power; an
iverter 156 receiving the DC power and converting the
received DC power into RF power 1n response to switching
signals from the controller 158; and a controller 158 con-
trolling the switching signals to control the driving ifre-
quency and power. The RF power supply 150 may operate
at the first resonant frequency fa during initial discharge, and
may operate at the second resonant frequency tb when main
inductively coupled plasma 1s generated. The RF power
supply 150 may be a variable frequency power supply. The
RF power supply 150 may change an ignition gas into a
process gas to maintain the main inductively coupled plasma
when the main inductively coupled plasma 1s generated.

The rectifier 151 may convert an output of commercial
AC power 1mto DC power. The rectifier 151 may supply DC
power between a ground node GND and a power supply
node VP. A capacitor may be connected between the ground
node GND and the power supply node VP to discharge an
AC component to the ground node GND.

The mverter 156 may receive a switching signal from the
controller 138 to convert DC power mto AC power 1n
response to the switching signals. The controller 158 may
control a switching signal to adjust the amount of power and
a driving frequency provided from an inverter to a load.

In the case of a single RF power supply, the first resonant
frequency fa and the second resonant frequency 1b should be
sulliciently spaced apart from each other by 0.2 MHz or
more. However, 1t may be difficult for the RF power to
provide a stable output for a wide frequency variable range.
In particular, the initial discharge 1s advantageous as a
driving frequency 1s increased and a large amount of current
flows. Therefore, both ends of the mitial discharge induction
coil may be maintained at a high potential diflerence by high
current and high inductance to cause capacitively coupled
mode discharge at the first resonant frequency fa. The main
inductively coupled plasma requires high power of several
kW or more and low voltage drop of a unit antenna. A
high-power RF power supply of several KW or more may
operate at the second resonant frequency 1b lower than the
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first resonant frequency fa. Accordingly, the first RF power
operating at the first resonant frequency and the second RF
power operating at the second resonant frequency have
different characteristics and may be separated from each
other.

FIG. 19 1s a conceptual diagram illustrating a plasma
generating apparatus according to another example embodi-
ment of the present disclosure.

FI1G. 20 1s a conceptual diagram illustrating discharge of
the plasma generating apparatus in FIG. 19.

FIG. 21 1s a timing diagram of signals in FIG. 19.

FI1G. 22 1s a flowchart illustrating a method for operating,
the plasma generating apparatus i FIG. 19.

Referring to FIGS. 19 to 22, a plasma generating appa-
ratus 300 may include a dielectric discharge tube 140; a seed
charge generator 205 generating seed charges 1n the dielec-
tric discharge tube 140; an initial discharge induction coil
module 102 including an initial discharge induction coil 120
surrounding the dielectric cylindrical tube 140 and receiving
the seed charges to generate an 1nitial discharge and a first
impedance matching network 122 connected to the initial
discharge induction coil 120 to provide a first resonant
frequency; a main discharge induction coil 103 including a
plurality of unit antennas 132 disposed to be spaced apart
from the 1ni1tial discharge induction coil 120, surrounding the
dielectric discharge tube 140, and receiving the initial dis-
charge to generate main inductively coupled plasma and a
second 1impedance matching network 133 connected to the
unit antennas 132 to provide a second resonant frequency;
and an RF power supply 350 supplying power to the initial
discharge induction coil module 102 and the main discharge
induction coil module 103.

The first RF power supply 350q, inducing initial dis-
charge, may be designed to drive high current of tens of
amperes or more at a first resonant frequency fa of several
MHz or more. The second RF power supply 3505, inducing
the main discharge plasma, may be designed to provide high
power of several KW or more at a second resonant frequency
fb of several MHz or less, 1in detail, 400 kHz to 4 MHz.
Specifically, the first RF power supply 350a may be imple-
mented through a half-bridge 1nverter circuit, and the second
RF power supply 35056 may be implemented through a
tull-bridge 1nverter circuit. The first RF power supply 350a
may be controlled to operate at a fixed first resonant fre-
quency fa. The second RF power supply 3506 may control
a driving frequency to adjust the amount of power or
impedance to operate at a frequency near a second resonant
frequency 1b.

The RF power supply 350 may include a first RF power
supply 350a supplying AC power to the imitial discharge
induction coil module 102 and operating at the first resonant
frequency fa; and a second RF power supply 35056 supplying
AC power to the main discharge induction coil module 103
and operating at the second resonant frequency ib.

The first RF power supply 350a may include a first
rectifier 351a converting AC power to DC power; a first
inverter 356a receiving DC power from the first rectifier
351a to supply AC power having the {irst resonance ire-
quency fa to the mnitial discharge induction coil module 102;
and a first controller 358a controlling an output of the first
iverter 356a. The first RF power supply 350aq may operate
at the first resonant frequency 1a.

The second RF power supply 3506 may includes: a
second rectifier 3515 converting AC power mnto DC power;
a second inverter 3565 recerving DC power from the second
rectifier 3515 to supply AC power having the second reso-
nant frequency ib to the main discharge induction coil
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module 103; and a second controller 3585 controlling an
output of the second mverter 3565. The second RF power
supply 3505 may operate, while varying, around the second
resonant {requency 1ib.

A method for operating a plasma generating apparatus
according to an example embodiment may include 1njecting
a first gas mto a dielectric discharge tube 140 (S5210);
providing seed charges to an inside of the dielectric dis-
charge tube 140 using the first gas (5220); performing 1nitial
discharge of the first gas from the seed charges with AC
power of the first resonant frequency using the initial
discharge induction coil 120 and the first impedance match-
ing network 122 connected to the 1nitial discharge induction
coll 120 (5230); and generate main inductively coupled
plasma of the first gas from the mitial discharge with AC
power of the second resonant frequency ib, diflerent from
the first resonant frequency fa, using a plurality of umt
antennas 132 and a second impedance matching network
133 (S260).

In the operation of 1njecting the first gas 1nto the dielectric
discharge tube 140 (5210), the first gas may be injected to
an upper portion of the dielectric discharge tube 140 through
the second electrode 216 performing a nozzle function. A
pressure of the dielectric discharge tube 140 may be several
Torr or more, in detail, an atmospheric pressure or more. The
first gas may be an argon gas, a nitrogen gas, a hydrogen-
containing gas, or a carbon dioxide gas, which are advan-
tageous for 1gnition, or combinations thereof.

In the operation of providing seed charges using the first
gas 1n the dielectric discharge tube 140 (5220), the seed
charges may be formed using the seed charge generator 205.
For example, the first electrode 114 may be attached to an
external sidewall of the dielectric discharge tube 140, and
the second electrode 216 may be inserted 1nto a central axis
of the dielectric discharge tube 140 to face the first electrode
114. The second electrode 216 may be grounded and may
perform a nozzle function to 1nject a first gas or a second gas.
In the state in which the second electrode 216 1s grounded,
the first electrode 114 may generate seed charges using a DC
high-voltage pulse VDC. The second electrode 216 may act
as a cathode, and the first electrode 114 may act as an anode.
The DC high-voltage pulse VDC may have a pulse ire-
quency of several tens of kHz and a voltage of several tens
of kV.

In the operation of performing 1nitial discharge of the first
gas from the seed charges (5230), AC power PO1 of the first
resonant frequency fa may be supplied to the imitial dis-
charge iduction coil module 102. When the AC power PO1
of the first resonant frequency 1s applied to the nitial
discharge induction coil module 102 while a DC high-
voltage pulse 1s applied, both ends of the mnitial discharge
induction coil 120 have high inductance due to a high
potential difference. A vertical electric field E_z may be
generated 1n a direction of the central axis of the dielectric
discharge tube 140. The vertical electric field E_z may
generate capacitively coupled mode (or E-mode) plasma.
The capacitively coupled mode may transition to an induc-
tively coupled mode (or an H mode). Accordingly, current Ia
flowing through the mitial discharge induction coil 120 may
be decreased due to an increase 1n actual resistance of 1nitial
discharge plasma, a load, and the AC power PO1 of the first
resonant frequency may be increased due to the increase in
the actual resistance of the initial discharge plasma, a load.
The mode transition may be detected by monitoring the AC
power PO1 or the current Ia at the first resonant frequency.
The detection of the current Ia may be performed using a
first detection sensor 152 disposed on an output terminal of
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the first RF power. The first detection sensor 152 may be a
Hall sensor sensing current. Alternatively, the first detection
sensor 152 may be disposed on an iput terminal of the first
inverter 3564 to detect input current of the first inverter 356a
and to monitor AC power using information of the DC
power and the mput current.

After the mode transition or even before the mode tran-
sition of the mitial discharge, the DC high-voltage pulse
VDC may be removed to stop supplying the seed charges
(S240).

Preliminary main inductively coupled plasma of the first
gas may be generated from the 1inmitial discharge with the AC
power near the second resonant frequency 1b using the
plurality of unit antennas 132 and the second impedance
matching network 133 (S250).

The main discharge induction coil module 103 may
include the plurality of unit antennas 132, an auxiliary
capacitor 134 connected between adjacent unit antennas 1n
series, and the second impedance matching network 133.
Similarly to the mnitial discharge induction coil module, the
main discharge induction coil module 103 may have a
capacitively coupled mode (or an E-mode) and an induc-
tively coupled mode (or an H-mode). The second RF power
supply 3500 may output AC power PO?2.

The second RF power supply 3505 may itially supply
the AC power P1 of an mitial frequency near the second
resonant frequency 1ib such that the main discharge may
stably transition to the inductively coupled mode (or the
H-mode). The mnitial frequency may be several tens to
several hundreds of kHz greater than the second resonant
frequency 1b. Accordingly, a potential difference applied to
both ends of the unit antenna of the main discharge induction
coil module 103 at the imitial frequency may be greater than
a potential difference applied at the second resonant fre-
quency ib. A potential difference, applied to both ends of the
unit antenna at the initial frequency, may stably generate
preliminary main imnductively coupled plasma using charges
generated by the mitial discharge. The AC power P1 of the
initial frequency may be supplied after or at the same time
after the E-mode transition of the initial discharge.

In the operation of generating the main inductively
coupled plasma of the first gas (5260), the second RF power
supply 3506 may supply the AC power P2 of the second
resonant frequency 1b to the main discharge induction coil
module 103. For example, the second RF power supply 3505
may change a frequency to supply the AC power P2 of the
second resonant frequency 1b to the main discharge imnduc-
tion coil module 103. Accordingly, the AC power P2 of the
second RF power supply 3506 may be impedance-matched
to be increased, and the main discharge induction coil
module 103 may stably operate the inductively coupled
mode (or the H-mode). As the frequency changes to the
second resonant frequency, the current Ib flowing through
the main discharge induction coil module 103 may be
increased due to impedance matching. Therefore, stable
main inductively coupled plasma using the first gas 1s
maintained. The detection of the current Ib may be per-
formed using a second detection sensor 154 disposed on an
output terminal of the second RF power. The second detec-
tion sensor 154 may be a Hall sensor sensing current.
Alternatively, the second detection sensor 134 may be
disposed on the mput terminal of the second nverter 35656
to detect the input current of the second 1inverter 3565 and to
monitor AC power using information of the DC power and
the mput current.

Then, when the main inductively coupled plasma 1s
generated, AC power of the first resonant frequency fa may

10

15

20

25

30

35

40

45

50

55

60

65

28

be mterrupted (S270). The interruption of the AC power of
the first resonant frequency 1b, provided to the initial dis-
charge induction coil module, may be performed simulta-
neously with or immediately before the change to the second
resonant frequency. The current Ib or the AC power P2 of the
second resonant frequency b may be detected to determine
whether the main 1inductively coupled plasma 1s generated.

The first gas may be an i1gnition gas advantageous for
igniting. The first gas may be argon, carbon dioxide, or
nitrogen. On the other hand, the second gas may be a process
gas which 1s dithcult to ignite and may include a fluorine-
containing gas or the like. Therefore, when a gas which 1s
difficult to 1mitially 1gnite 1s used, the gas may be discharged
with a first gas which easily 1gnites and may be replaced
with a second gas (S280). The main inductively coupled
plasma of the first gas may change to the main inductively
coupled plasma of the second gas while maintaining sub-
stantially the same pressure. Conventionally, actual plasma
resistance of the fluorine-containing gas may be lower than
actual resistance of an argon gas. Therefore, when the gas 1s
replaced with the second gas, the current Ib flowing through
the main discharge induction coil module 103 may be
increased, and the AC power P3 of the second resonant
frequency tb may be increased.

FIG. 23 1s a conceptual diagram illustrating a plasma
generating apparatus according to another example embodi-
ment of the present disclosure.

Referring to FIG. 23, a plasma generating apparatus 400
may include a dielectric discharge tube 140; a seed charge
generator 205 disposed on the dielectric discharge tube 140
to generate seed charges 1n the dielectric discharge tube 140;
an 1nitial discharge induction coi1l module 102 1including an
initial discharge induction coil 120 surrounding the dielec-
tric discharge tube 140 and receiving the seed charges to
generate 1nitial discharge and a first impedance matching
network 122 connected to the initial discharge induction coil
120 to provide a first resonant frequency fa; a main dis-
charge induction coil module 103 including at least one unit
antenna 132 disposed to be spaced apart from the mitial
discharge induction coil 120, surrounding the dielectric
discharge tube 140, receiving the initial discharge to gener-
ate main inductively coupled plasma and a second 1mped-
ance matching network 133 connected to the unit antenna
132 to provide a second resonant frequency ib; and an RF
power supply 450 supplying power to the mnitial discharge
induction coil module 102 and the main discharge induction
coil module 103.

The RF power supply 450 1ncludes: a rectifier 151 con-
verting AC power mto DC power; a first RF power supply
450a recerving DC power from the rectifier 151 to provide
AC power to the mitial discharge induction coil module 102
and operating at the first resonant frequency fa; and a second
RF power supply 45056 receiving DC power from the recti-
fier 151 to provide AC power to the main discharge induc-
tion coil module 103 and operating at the second resonant
frequency 1b.

The first RF power supply 450a includes: a first inverter
456a receiving DC power from the rectifier 151 and con-
verting the received DC power mto first AC power of the
first resonant frequency fa; and a first control unit 458q
controlling the first inverter 456a.

The second RF power supply 45056 includes: a second
inverter 456 recerving DC power from the rectifier 151 and
converting the received DC power mto AC power of the
second resonant frequency 1b; and a second control unit
458b controlling the second inverter.
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The rectifier of the first RF power supply 450a and the
rectifier of the second RF power supply 4506 may be
commonly used. Since a time required to simultaneously
operate the first RF power 450a and the second RF power
45056 1s very short, no 1ssue occurs 1n the operation of the
second RF power supply 4505.

FIGS. 24 and 25 illustrate an initial discharge induction
coil module connected to a first RF power supply according
to an example embodiment of the present disclosure.

Referring to FIGS. 24 and 235, a first RF power supply
450a has a positive output and a negative output, and 1is
connected to an 1nitial 1gnition induction coil 120 through a

first impedance matching network 122. The initial 1gnition
induction coil 120 has high inductance of 8 uH. The first
impedance matching network 122 may include at least one
initial discharge capacitor. A first resonant frequency fa may
be given by the inductance La of the imtial discharge
induction coil 120 connected to equivalent capacitance C'a
of the mitial discharge capacitor.

FIG. 26 1illustrates an 1initial discharge induction coil
module connected to a first RF power supply according to
another example embodiment of the present disclosure.

Referring to FIG. 26, a first RF power supply 450q has a
positive output and a negative output, and 1s connected to an
initial 1ignition induction coil 120 through a first impedance
matching network 122. The initial 1gnition induction coil
120 has high inductance of 8 uH. The first impedance
matching network 122 may include a pair of mitial discharge
capacitors 122a and 122b.

The pair of initial discharge capacitors 122a and 1225 are
connected to both ends of the mitial discharge induction coil,
respectively. The positive output of the first RF power
supply 450a 1s connected to a first imitial discharge capacitor
122a, and the negative output of the first RF power supply
450a 1s connected to a second initial discharge capacitor
122H. A first resonant frequency fa may be defined by
equivalent capacitance C'a of the pair of mitial discharge
capacitors 122q and 1225 and inductance La of the initial
discharge induction coil 120. The first 1mtial discharge
capacitor 122a and the second imitial discharge capacitor
1226 may have the same capacitance Ca, and the equivalent
capacitance C'a may be Ca/2. The first resonant frequency 1a
may be given by the inductance La of the initial discharge
induction coil 120 connected to the equivalent capacitance
(C'a of the mitial discharge capacitor in series.

FIG. 27 illustrates an mitial discharge induction coil
module connected to a first RF power according to another
example embodiment of the present disclosure.

Referring to FIG. 27, a first RF power supply 450q has a
positive output and a negative output, and 1s connected to an
initial 1gnition mduction coil 120 through a first impedance
matching network 222. The first impedance matching net-
work 222 may include a transformer 222¢, connected to an
output terminal of the first RF power supply 4504, and a pair
of mitial discharge capacitors 222a and 2225, respectively
connected to both ends of a initial discharge induction coil
120 1n series. A primary coil of the transformer 222¢ may be
connected to the output terminal of the first RF power supply
450a, and a secondary coil of the transformer 222¢ may be
connected to both ends of an 1mitial discharge induction coil
and the pair of 1mitial discharge capacitors 220aq and 22056
connected 1n series. Impedance at a side of a load may be
converted depending on a turn ratio (N:1) of the transformer
222¢. Capacitance of the first imitial discharge capacitor and
capacitance Ca of the first initial discharge capacitor may be
the same. A first resonant frequency may be given by
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inductance La of the initial discharge induction coil 120
connected to equivalent capacitance C'a of the initial dis-
charge capacitor in series.

FIG. 28 illustrates an 1initial discharge induction coil
module connected to a first RF power according to another
example embodiment of the present disclosure.

Referring to FIG. 28, a first RF power supply 450a has a
positive output and a negative output, and 1s connected to an
initial 1gnition mduction coil 120 through a first impedance
matching network 322.

The first impedance matching network 322 may include a
first 1nitial discharge capacitor 322a connected to an 1nitial
discharge induction coil 120 in parallel; and a first maitial
discharge capacitor 322a and a second initial discharge
capacitor 3226 and a third mitial discharge capacitor 322c¢
connected to each other in parallel. The second mitial
discharge capacitor 3226 and the third imitial discharge
capacitor 322¢ are connected to both ends of an initial
discharge induction coil, respectively. Equivalent capaci-
tance of the first to third initial discharge capacitors 322a,
3225, and 322¢ may be C'a=1/2 Ca. Capacitance of the first
iitial discharge capacitor 322a may be 0.5x(1-k)xCa.
Capacitance of the second and third 1nitial discharge capaci-
tors 3226 and 322¢ may be kxCa. Here, 0<k<1 may be in the
range. Ca 1s the capacitance of the mitial discharge capacitor
described 1 FIG. 26. A first resonant frequency may be
grven by inductance La of the initial discharge induction coil
120 connected to the equivalent capacitance C'a of the 1nitial
discharge capacitor 1n series.

FIG. 29 illustrates a main discharge induction coil module
connected to a second RF power supply according to another
example embodiment of the present disclosure.

Referring to FIG. 29, a main discharge induction coil
module 103 includes a plurality of unit antennas 132 con-
nected to each other in series, an auxiliary capacitor 134
connected between adjacent unit antennas 1n series, and a
second impedance matching network 133 connected to a
plurality of unit antennas connected 1n series. The plurality
of umt antennas 132 may be disposed on a plurality of
placement planes, perpendicular to a central axis of a
dielectric discharge tube, and may be connected to each
other 1n series. The auxiliary capacitors 134 may be con-
nected between adjacent unit antennas 1n series. The second
impedance matching network 133 may include a first main
capacitor 133q and a second main capacitor 1335, respec-
tively connected to both ends of the unit antennas connected
In series.

A second resonant frequency ib may be given by the sum
ol inductances of the unit antennas and equivalent capaci-
tances of the capacitors. When capacitance of the auxiliary
capacitor 134 1s C1, capacitance ol each of the first main
capacitor 133q and the second main capacitor 1335 may be
2C1. Inductance of each of the unit antennas may be L1.

FIG. 30 1s a circuit diagram of a full-bridge 1inverter used
in a first inverter or a second inverter.

Inverters 456a and 4565 receive DC power from a power
supply node VP and a ground node GND. The inverters 4564
and 456b receive switching signals A, B, C, and D from
controllers 458a and 458b. The inverters 456a and 4565 may
convert DC power mto AC power 1n response to the switch-
ing signals A, B, C, and D.

First and second transistors TR1 and TR2 may be con-
nected between the power supply node VP and the ground
node GND 1n series. A first diode D1 may be connected to
a first transistor TR1 1n parallel, and a second diode D2 may
be connected to a second transistor TR2 1n parallel. A first
capacitor C1 may be connected to the first transistor TR1 1n
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parallel, and a second capacitor C2 may be connected to the
second transistor TR 1n parallel.

Third and fourth transistors TR1 and TR2 may be con-
nected between the power supply node VP and the ground
node GND 1in series. A third diode D3 may be connected to
a third transistor TR3 1n parallel, and a fourth diode D4 may
be connected to the fourth transistor TR4 1n parallel. A third
capacitor C3 may be connected to the third transistor TR3 1n
parallel, and a fourth capacitor C4 may be connected to the
fourth transistor TR4 1n parallel.

When a dniving frequency of an output voltage VO 1s
adjusted, a phase difference between an output voltage and
output current may be adjusted.

FIG. 31 1s a circuit diagram of a half-bridge inverter
according to an example embodiment of the present disclo-

sure.
Referring to FIG. 31, inverters 456a and 4565 recerve DC

power from a power supply node VP and a ground node
GND. The mnverters 456a and 4565 receive switching sig-
nals A and B from controllers 458a and 458b. The inverters
456a and 4565 may convert DC power mto AC power 1n
response to switching signals A and B.

First and second transistors TR1 and TR2 may be con-
nected between the power supply node VP and the ground
node GND in series. A first diode D1 may be connected to
the first transistor TR1 1n parallel, and the second diode D2
may be connected to the second transistor TR2 1n parallel. A
first capacitor C1 may be connected to the first transistor
TR1 1n parallel, and the second capacitor C2 may be
connected to the second transistor C2 in parallel.

A first voltage divider capacitor C11 and a second voltage
divider capacitor C22 may be connected between the power
supply node VP and the ground node GND 1n series.

When a dniving frequency of an output voltage VO 1s
adjusted, a phase difference between the output voltage VO
and output current may be adjusted.

FI1G. 32 1s a conceptual diagram 1llustrating a seed charge
generator according to another example embodiment of the
present disclosure.

Referring to FIG. 32, a seed charge generator 305 includes
a first electrode 314 and a second electrode 316 disposed on
a dielectric discharge tube 140 to provide seed charges; and
a DC power supply 312 applying a DC high voltage between
the first electrode 314 and the second electrode 316.

The DC power supply 312 includes an AC-DC converter
3120 converting commercial AC power into a DC voltage
Vin; high-voltage pulse generators 3122a and 31225 receiv-
ing the DC voltage Vin to generate at least one high-voltage
pulse of a positive DC high-voltage pulse and a negative DC
high-voltage pulse; and controllers 3124a and 31245 con-
trolling the high-voltage pulse generator. The high-voltage
pulse generators 3122¢ and 31226 may include: a first
high-voltage pulse generator 3122a receiving the DC volt-
age to generate a first high-voltage pulse; and a second
high-voltage pulse generator 312256 receiving the DC volt-
age to generate a second high-voltage pulse.

The controllers 3124a and 31245, controlling the high-
voltage pulse generator, may include a first controller 31244
controlling the first high-voltage pulse generator 31224 and
a second controller 31245 controlling the second high-
voltage pulse generator 31225, A first high-voltage pulse
may be applied to the first electrode 314, and a second
high-voltage pulse may be applied to the second electrode
316. The first electrode 314 and the second electrode 316
may be disposed to be spaced apart from each other on an
external sidewall of the dielectric discharge tube 140. The
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first high-voltage pulse and the second high-voltage pulse
may have polarities opposite to each other.

Returning to FIGS. 10 and 11, the DC power supply 112,
applying a DC high voltage, may generate a positive high-
voltage pulse and/or a negative high-voltage pulses. The
negative high-voltage pulse and the positive high-voltage
pulse may be applied to the first electrode 314 and the
second electrode 316, respectively.

FIG. 33 1s a conceptual diagram illustrating a negative
high-voltage pulse generator according to an example
embodiment of the present disclosure.

Referring to FIG. 33, a high-voltage pulse generator 2122
includes a transformer 2122a including a primary coil
receiving a DC voltage Vin of an AC-DC converter 2120 and
a secondary coil generating a negative DC high voltage
pulse; an inductor L connected to the primary coil 2122a of
the transformer 2122a in parallel; a power transistor 212256
connected to the primary coil of the transformer 2122a 1n
series and having an end grounded; a resistor R connected to
the power transistor 21225 1n parallel; a capacitor C con-
nected to the power transistor 21225 1n parallel; and a diode
D disposed between the other end of the power transistor
21225 and the resistor R and the capacitor C connected 1n
parallel. A controller 2124 controls a gate of the power
transistor 2122b.

One end of the secondary coil of the transformer 21224
may output a negative DC high-voltage pulse, and the other
end of the secondary coil of the transformer 2122a may be
grounded.

FIG. 34 1s a conceptual diagram 1illustrating a negative
high-voltage pulse generator according to another example
embodiment of the present disclosure.

Referring to FIG. 34, a voltage pulse generator 2122
includes a transformer 2122a including a primary coil
receiving a DC voltage Vin of an AC-DC converter 2120 and
a secondary coil generating a negative DC high-voltage
pulse; an inductor L connected to the primary coil of the
transformer 2122a in parallel; and a power transistor 21225
connected between a ground and the primary coil of the
transformer 2122a 1n series. A controller 2124 may control
a gate of the power transistor 2122, and one end of the
secondary coil of the transformer 2122¢ may output a
negative DC high-voltage pulse, and the other end of the
secondary coil of the transformer 2122a may be grounded.

FIG. 35 1s a conceptual diagram illustrating a negative
high-voltage pulse generator according to another example
embodiment of the present disclosure.

Referring to FIG. 35, a high-voltage pulse generator 4122
includes a transformer 4122a including a primary coil
receiving a DC voltage of an AC-DC converter 2120 and a
secondary coil generating a positive DC high-voltage pulse;
an inductor L connected to the primary coil of the trans-
former 4122a 1n parallel; a power transistor 412256 con-
nected between a ground and the primary coil of the trans-
former 4122a 1n series; a resistor R and a capacitor C having
one end connected to the DC voltage Vin of the AC-DC
converter 2120 and connected to each other 1n parallel; and
a diode D having one end connected between the power
transistor 412256 and the primary coil and the other end
connected to the other end of the resistor R and the capacitor
C connected to each other in parallel. A controller 4124
controls a gate of the power transistor 4125, and one end of
the secondary coil of the transformer 4122q may output a
negative DC high-voltage pulse, and the other end of the
secondary coil of the transformer 4122a may be grounded.
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FIG. 36 1s a conceptual diagram illustrating a positive
high-voltage pulse generator according to another example
embodiment of the present disclosure.

Referring to FIG. 36, a high-voltage pulse generator 5122
includes a transformer 5122a including a primary coil
receiving a DC voltage Vin of an AC-DC converter 2120 and
a secondary coil generating a positive DC high-voltage
pulse; an inductor L connected to the primary coil of the
transformer 5122a 1n parallel; a power transistor 51225
connected between a ground and the primary coil of the
transformer 5122a 1n series; a resistor R connected to the
power transistor 31225 1n parallel; a capacitor C connected
to the power transistor 51226 1n parallel; and a diode D
disposed between the other end of the power transistor
51225 and the resistor R and the capacitor C connected to
cach other 1n parallel. The primary coil and the secondary
coil have a phase diference of 180 degrees, the controller
5124 controls a gate of the power transistor 51225, and one
end of the secondary coil of the transformer 51224 outputs
a positive DC high-voltage pulse and the other end of the
secondary coil of the transformer 5122a 1s grounded.

FIG. 37 1s a plan view of a unit antenna of a main
discharge induction coil module according to another
example embodiment of the present disclosure.

Referring to FIG. 37, a unit antenna 132' may include a
first antenna disposed to be in contact with the dielectric
discharge tube 140 on a placement plane, perpendicular to a
central axis of a dielectric discharge tube, and forming a loop
132a and a second antenna 1325 continuously connected to
the first antenna 132a, disposed to surround the first antenna,
and forming a loop. The unit antenna 132' has a rectangular
cross section, and the first antenna 132a 1s 1n close contact
with the dielectric discharge tube to cool the dielectric
discharge tube.

As described above, an atmospheric-pressure plasma gen-
erating apparatus according to an example embodiment may
stably generate plasma at atmospheric pressure or higher
pressure using an electrode for generating seeds, an nitial
discharge induction coil advantageous for ignition, and a
main discharge induction coil module advantageous for
maintaining discharge.

While example embodiments have been shown and
described above, 1t will be apparent to those skilled 1n the art
that modifications and variations could be made without
C
C

leparting from the scope of the present inventive concept as

lefined by the appended claims.

The invention claimed 1s:

1. A plasma generating apparatus, comprising;:

a dielectric tube configured to provide a space for plasma
and comprising a first inlet at one end of the dielectric
tube and an outlet at another end of the dielectric tube:

a first antenna module surrounding an outer side wall of
the dielectric tube and comprising two terminals;

two first capacitors connected to the first antenna module,
wherein one first capacitor 1s serially connected to one

terminal of the first antenna module, and
wherein another first capacitor 1s senally connected to
another terminal of the first antenna module;
a second antenna module surrounding the outer side wall
of the dielectric tube and comprising two terminals,
wherein the first antenna module 1s closer to the first
inlet than the second antenna module and the second
antenna module 1s closer to the outlet than the first
antenna module, and

wherein an inductance of the first antenna module 1s
smaller than an inductance of the second antenna
module:
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two second capacitors connected to the second antenna
module,
wherein one second capacitor 1s serially connected to
one terminal of the second antenna module, and

wherein another second capacitor 1s serially connected
to another terminal of the second antenna module;
and
a RF generator configured to provide a RF power with the
first antenna module or the second antenna module,
wherein the RF power 1s provided to the first antenna
module via the two first capacitors and 1s provided to
the second antenna module via the two second
capacitors,

wherein the RF generator 1s configured to provide a
first RF power of a first frequency to the first antenna
module via the two first capacitors and provide a
second RF power of a second frequency to the
second antenna module via the two second capaci-
tors, and

wherein the first frequency 1s different from the second
frequency.
2. The plasma generating apparatus of claim 1,
wherein the second antenna module comprises a plurality
of layer-antenna and a plurality of inter-layers capaci-
tors.
3. The plasma generating apparatus of claim 2,
wherein the plurality of layer-antenna and the plurality of
inter-layers capacitors are electrically connected 1n
series.
4. The plasma generating apparatus of claim 2,
wherein each of the plurality of layer-antenna comprises
at least two turn-antenna, and
wherein each of the plurality of inter-layers capacitor
clectrically connects one layer-antenna to another adja-
cent layer-antenna 1n series.
5. The plasma generating apparatus of claim 4,
wherein an inductance of the each of the plurality of
layer-antenna 1s smaller than an inductance of the first
antenna module, and
wherein an inductance of the second antenna module 1s
larger than the inductance of the first antenna module.
6. The plasma generating apparatus of claim 1, further
comprising:
a sensor configured to detect a current flowing between
the one terminal of the first antenna and the another
terminal of the first antenna module or a voltage
between the one terminal of the first antenna and the
another terminal of the first antenna module.
7. The plasma generating apparatus of claim 6,
wherein the RF generator configured to:
receive a detection result from the sensor, and deter-
mine while providing the first RF power to the first
antenna module,

determine a time of providing the second RF power to
the second antenna module according to the detec-
tion result, and

start to provide the second RF power to the second
antenna module based on the determined time.

8. The plasma generating apparatus of claim 1, further
comprising a second 1nlet located between the first inlet and
the outlet.

9. The plasma generating apparatus of claim 1,

wherein the first frequency is larger than the second
frequency.

10. The plasma generating apparatus of claim 1,

wherein potential difference between the one terminal and
the another terminal of the first antenna module when
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the first RF power 1s provided to the first antenna
module 1s larger than potential difference between the
one terminal and the another terminal of the second

antenna module when the second RF power 1s provided
to the second antenna module. 5
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